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20/ (1)
PREDICT CAMERA NUMBER
203 (7

INPUT PICTURE VIA
VIDEO PROCESSING CIRCUITRY.

~INPUT TABLE OF START AND STOP ORDINATES
OF CANDIDATE OBJECT POSITIONS FROM VHP.

_ BUILD CANDIDATE WINDOWS AT CROSSPOINTS
OF X-Y START AND STOP ORDINATES.

209

USING PMM, DISCARD FALSE CANDIDATES AND
OBJECTS THAT ARE TOO LARGE OR TOO SMALL.
STORE CENTROIDS OF REMAINING OBJECTS.

TRANSFORM CENTROID COORDINATES
INTO BEACON PLANE/FLOOR SPACE.

(v2)  Fig8a
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40R (2 |OOR1
MORE | 2/2

DISCARD IMAGE.

DEDUCE HIDDEN BEACON COORDINATE. /
EXTRACT UNREFLECTED BEACON '
IMAGES FROM REFLECTED IMAGES.

COMPUTE 3 CHORD LENGTHS BETWEEN OBJECTS.

CHORD LENGTHS IN PROPER PROPORTION? -

C1 OCKWISE ORDER CHORDS FROM HYPOTENUSE. 1—/2/9

CHORDS IN ORDER OF DECREASING LENGTH? 2/
_ —(D

215
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COMPUTE CHORD ANGLES AT VERTICES.

220

EXACTLY ONE 90-DEGREE ANGLE?
e

COMPUTE PERIMETER (SUM OF CHORDS). 22 7

228

PERIMETER CORRECT LENGTH?
0

COMPUTE ROBOT FLOOR COORDINATE e,
AT MIDPOINT OF BEACON HYPOTENUSE. ,

I
AND PORT CHORD ANGLES.
' 232

TRANSMIT HEADING AND POSITIONAL
FIX TO ROBOT VIA WIRELESS COMM.

Fig 8c
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' 40/

INPUT COORDINATES OF ALL CANDIDATE IMAGES.

COMPUTE THE DISTANCE FROM EACH IMAGE
TO THE PLUMBED CENTERLINE COORDINATE.

105

SORT THE PLUMB DISTANCES IN INCREASING ORDER.

SELECT THE COORDINATES WHICH CORRESPOND
- TO THE THREE SHORTEST CENTERLINE CHORDS

WHICH WILL FORM A TRIANGLE OF PROPER SHAPE
AND SIZE.

~ QUTPUT THE COORDINATES OF THE THREE
SELECTED BEACON IMAGES.

N ) Fig 2




. .S. P t t
U . atén Jun. 28, 1988 Sheet 15 of 70 4.754.402
’ ’

/S
j 250 E o
ad /‘ o4 E (
X D
| t\’\‘ . /a Jb "— : D
ot e




US. Patent  jun.28,1988  Sheet 16 of 70 4,754,402

Figls



US. Patent  Jun. 28,1988 Sheet 17070 4,754,402

920
42/

INPUT THE COORDINATES OF IMAGES A AND B.

474

COMPARE THE CHORD AB WITH IDEAL CHORDS
S1, S2, AND S3. SELECT THE IDEAL CHORD
WHOSE LENGTH MOST CLOSELY MATCHES

THAT OF AB. THIS CHORD WILL BE CALLED "D.”

425
 USING THE UNSELECTED MEMBERS OF THE SET
(S1, S2, S3), CALLED “E” AND “F,” CONSTRUCT
FOUR CIRCLES AROUND POINTS A AND B, WHOSE
RADII EQUAL THE LENGTHS OF E AND F.
THE CIRCLES WILL BE CALLED AE, AF, BE, and BF

42/

COMPUTE THE COORDINATES OF THE POINTS OF
INTERSECTION OF CIRCLE AE AND CIRCLE BF.
THESE POINTS WILL BE CALLED C1 AND C2.

43/

CLOCKWISE ORDER CHORDS AB, AC1, AND BC1,

STARTING WITH THE HYPOTENUSE.
ARE THE CHORDS IN ORDER OF DECREASING LENGTH?

NO |
439 N 437
SELECT C1 AS A PRIMARY SELECT C2 AS A PRIMARY
CANDIDATE (XI). CANDIDATE (XI). |

@ Firgléa
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@ _ 44/

COMPUTE THE COORDINATES OF THE POINTS OF
INTERSECTION OF CIRCLES AF AND BE.
THESE POINTS WILL BE LABELED C3 AND (4.

COMPUTE THE LENGTHS OF LINES XIC3
AND XIC4.
LENGTH OF XIC3 < LENGTH OF XiIC4?

447 o 449

SELECT C4 AS A PRIMARY SELECT C3 AS A PRIMARY
CANDIDATE (X2). - CANDIDATE (X2). .
COMPUTE DISTANCE FROM BOTH PRIMARY
CANDIDATES X1 AND X2 TO PLUMBED POINT P.

457

SELECT X2 AS THE SELECT X1 AS THE
FINAL BEACON POINT. | FINAL BEACON POINT.

_ 459
OUTPUT THE COORDINATES OF THE FINAL BEACON
POINT. _ -

() Fgleb




“US. Patent  Jun. 28, 1988 Sheet 19 of 70 4,754,402

a C3,X2

AF

AE




- |
= g/ 617
L
I.—.
— N 8¢ } 133
49 _l_uuzg_ _l_u.ﬁa | _ % __
8¢ &g
| " ; _ | soron 1
o
ﬂ o __ ® o o __ ” | %ﬁ% ONIY3IILS | -9
= ;| | &9 _ 434ITdANY [ ZQ
S /| | | | |431411dWY RV 40018
3 _ % OAE 35 | 11v oL
& | | 131N NOD _
= | | | |  {¥3153ANOD 43LY3AN |
e _ | | VoL vo- AH3ILLVE
o gt D og——" | \,
_ AHOWIN
5 SNLVHVddY
= 43IISNVYL TYIHILYN — ndo >
0 4O WYV 10804 LNONYD H
g - —— | 0s€
5 44 SNOVas [“3307N0
J

NOILVOIAVYN

s
96

W3LSAS
NOILVIINNWWOD

mmu._mm__ﬁqm
43HLIO H0 O
6/ 143010 ¥O OI

W3ILSAS

NOILVOIAVN
WO Y S

U.S. Patent



US. Patent  Jun. 28, 1988 Sheet 21 0f 70 4,754,402

300

INPUT GO TO GOAL" COMMAND.

30/

303 ‘ "
-
305
INPUT POSITIONAL FIX FROM
- 307
l
TO GOAL POSITION? _
[NO 309

COMPUTE DISTANCE, DIRECTION,
-] AND ANGULAR DISPLACEMENT
| TO THE GOAL POSITION.

310

UPDATE STEERING ANGLES
- AND VELOCITIES TOWARD
THE GOAL POSITION.

Fig/9
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ABSOLUTE
POSITION
DATA USAGE

J50

35/

VEHICLE STOPS AND WAITS

FOR ABSOLUTE POSITION DATA
FROM SENSOR COMPUTER

355
VEHICLE BEGINS MOTION IN
COMMANDED DIRECTION, STORING
EXTRAPOLATED POSITION AND
VEHICLE REFERENCED TIME STAMP
AFTER EACH TIME PERIOD

399

VEHICLE RECEIVES ABSOLUTE POSITION

DATA WITH SENSOR REFERENCED TIME
STAMP FROM SENSOR COMPUTER

VEHICLE COMPUTER SEARCHES STORED
EXTRAPOLATED DATA FOR CLOSEST MATCH
BETWEEN SENSED AND EXTRAPOLATED
RADIAL MOVE FROM STOPPED POSITION

39/

OFFSET BETWEEN VEHICLE AND
SENSOR REFERENCED TIME STAMPS
COMPUTED FOR FUTURE USE

F1q22a

4,754,402
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J6/

VEHICLE PROCEEDS IN COMMANDED
DIRECTION, STORING EXTRAPOLATED
POSITION AND VEHICLE REFERENCED
TIME STAMP AFTER EACH TIME PERIOD

J65
J6J

VEHICLE RECEIVES ABSOLUTE POSITION DATA
WITH SENSOR REFERENCED TIME STAMP
FROM SENSOR COMPUTER.

IF TIME LIMIT BETWEEN DATA POINTS
|S EXCEEDED, THEN:

, - 369

VEHICLE COMPUTER DETERMINES EXTRAPOLATED
POSITION AT TIME WHEN ABSOLUTE POSITION

| WAS MEASURED USING KNOWN TIME OFFSET
AND STORED EXTRAPOLATED POSITIONS

ERROR IN EXTRAPOLATED POSITION WHEN
ABSOLUTE POSITION WAS MEASURED, IS SUBTRACTED
FROM CURRENT EXTRAPOLATED POSITION.

ey $onply M SUEEEs SEWEE UeAhY 2k 0 MAEES TEEES O SEDGS SoEmn O GAEEE 0 TS Sk A e shkls A - e mhEy $#TE A =

IF ERROR IS GREATER THAN EXPECTED, THEN:

373 357

ASSUME TIME
SYNCHRONIZATION
FAILURE

Fig22b - @
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352

WAIT FOR DATA -
FROM CONTROL AND
NAVIGATION CIRCUITS.

WAS A
- BEACON BLOCKED?

COMPARE ANGLE FROM
NAVIGATION CIRCUITS
"WITH ANGLE FROM
DEAD RECKONING.

APPROX.
180° ERROR?

BLOCKED BEACON WAS |
SYNTHESIZED WRONG.
ADJUST DATA PER
BEACON GEOMETRY
AND INFORMATION
FROM NAVIGATION
CIRCUITS AS TO
BLOCKED BEACON # .

77 fig 22
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376
Jrr

READ MOTOR
POSITION VIA
ENCODER.

Jr4

COMPUTE UNFILTERED
VELOCITY (QUANTIZED)
PER POSITION CHANGE

DURING PREVIOUS TIME

PERIOD.

375

FILTERED VELOCITY = -
K, * (OLD VELOCITY) + K, ~ (UNFILTERED VELOCITY)

WHERE K, + K, = 1

GIVEN KNOWN QUANTIZATION OF UNFILTERED
VELOCITY, COMPUTE MINIMUM AND MAXIMUM
VALUE ALLOWABLE FOR FILTERED VELOCITY.

LIMIT EILTERED VELOCITY TO BE BETWEEN |{
MINIMUM AND MAXIMUM VALUES.

Fig 23
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454 1

CAMERA ZONE 4
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157

IS THE ROBOT'S POSITION PREVIOUSLY DEFINED?
YES ' NO

7/
@ 469

DOES THE ZONE OF VIEW OF
CAMERA N OVERLAP THE ROBOT'S
- REGION OF UNCERTAINTY?

YES
SEARCH CAMERA ZONE 47 /
| N FOR THE ROBOT.
473 i
WAS THE ROBOT LOCATED? @
I NO

HAVE ALL CAMERA ZONES BEEN SEARCHED? YES
4 7 INCREMENT N TO NEXT CAMERA ZONE.

NO

@ . INCHEMENT THE UNCERTAINTY 479

RADIUS ASSOCIATED WITH
THE ROBOT.

(Ps)— 480

(re)  Fig34a
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505 CONTROLLER
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517 /7

50/

507
519
CONTROLLER BATTERY
STATION
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509~
APPARATUS L
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529

55/ 5/ 7
7

DOES THE MESSAGE HAVE MULTIPLE DESTINATIONS?
PLACE THE MESSAGE INTO THE | REPLICATE THE MESSAGE.
APPROPRIATE OUTPUT QUEUE. PLACE COPIES INTO ALL
REQUESTED OUTPUT QUEUES.

539
TRANSMIT ALL OUTGOING MESSAGES.
54/
GO TO START.

Frg.37

), 7% -
RECOGNIZE AND LOCATE A ROBOT.

TRANSMIT A POSITIONAL FIX TO THE ROBOT
GO TO START. 549

Fig.38
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' FACTORY CONTROLLER LOGIC
- ' 207
357
203
NO YES

COMMAND THE PLANNER TO TRANSPORT
INCOMING MATERIAL TO A FIRST
PROCESSING STATION. (WORK ORDER)

HAS ANY ROBOT ARRIVED AT A STATION?

SIGNAL THE PROCESSING STATION
TO BEGIN PROCESSING.
HAVE ANY STATIONS SIGNALED “"PROCESS COMPLETE""?
NO YES

COMMAND THE PLANNER TO TRANSPORT
| PARTIALLY FINISHED MATERIAL TO

A NEXT SEQUENTIAL PROCESSING
STATION, OR TRANSPORT FULLY

FINISHED MATERIAL TO THE

FACTORY OUTPUT DOCK. (WORK ORDER)

260 Fig. 39
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567 50

569

ANY NEW WORK ORDERS?

YES 575

ENTER NEW WORK ORDERS INTO THE
WORK ORDER QUEUE.

577
‘
- 5 7 9 NO YES

579

ASSIGN ADDITIONAL WORK ORDERS

TO THE ROBOT THAT CAN BEST

PERFORM THE WORK.
576

TRANSMIT NEW WORK PLANS TO
577 Figdo
579

56/

|  MONITOR AND CONTROL BATTERIES
CURRENTLY BEING RECHARGED.

_ lom]
15
. NO YES . 5(95 |

PROCESS THE NEW COMMANDS.
(REMOVE, INSERT BATTERIES, ETC.)

567 Fig4/
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60/

HAS A REQUEST YES

FOR ROBOT
STARTUP BEEN RECEIVED? -
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MOBILE VEHICLE CONTROLLER UTILIZATION |

OF DELAYED ABSOLUTE POSITION DATA FOR

GUIDANCE AND NAVIGATION

This ivention is related to the following pending
U.S. patent applications, assigned to Texas Instruments
Incorporated, and all filed on Aug. 30, 1985, which by
reference are incorporated herein, Ser. Nos.: 771,431;
771,443; 771,332; 771,379; 771,433 (allowed); 772,280;
771,329; 771,442; 771,397; 772,061; 771,380;
and 771,545.

BACKGROUND AND SUMMARY OF THE
INVENTION

1. Background of the Invention

This invention relates to controllable mobile appara-

tus such as controllable mobile robots and in particular
to controllable mobile apparatuses that permit free
roaming operation and still in particular to free roaming
mobile apparatus hawng a dead reckoning guidance
system.

In a manufacturing involvement, the use of auto-
mated equipment is time and cost effective being the
monies spent on labor is substantially reduced. Addi-
tionally, in the manufacturing precision circuits and
equipments such as semiconductor circuits, it is neces-
sary t0 manufacture the circuits or devices in a clean

d

10
771,459;

15

20

25

environment. Obviously, it is easier to avoid contamina-

tion with automation than it is with human participation
in the manufacturing process. Consequently, it has been
found that having a mobile transportable system for
transporting materials cross a factory floor is prferable
to the use of conveyor belts or guided material handlers
such as those that follow painted stripes, rails, guide
wires, etc.

It 1s desirable to have a free roaming material handler
that can be commanded to go to a destination and the
material handler is able to guide itself to that destination
without operator intervention. In the free roaming sys-
tem, the mobile apparatus should also have a free roam-
ing operation. therefore, it is necessary to have a dead
reckoning guidance system that extrapolates the vehicle
position based upon actual wheel behawor and its previ-
ous position.

2. Summary of the Invention

A mobile vehicle controller for controlling a mobile

apparatus that travels along a commanded path. The
mobile vehicle controller has a dead reckoning naviga-
tion procedure for navigating the controllable mobile
apparatus along the commanded path in response to
positions data. The mobile apparatus determines its
~ posttion and provides the position data. A vision system
provides the absolute position to the mobile apparatus.
The dead reckoning position data is periodically modi-
fying with the absolute position. The dead reckoning
procedure 1s synchronized with the vision system.
The mobility is provided to the mobile apparatus by a
pluraiity of wheels for providing mobility. A servo
motor system provides a means for rotating the plural-
ity of wheels at a controllable speed of rotation, a means
for controlling the trajectory of the mobile apparatus by
varying the angle of the direction of rotation that prede-
termined members of the plurality of wheels make with

30

35 °

435

30

3

the mobile apparatus means for controlling the speed of 65

rotation of the plurality of wheels.
The dead reckoning procedure determines means
distance traversed from the number of rotations of the

2

plurality of wheels and the direction traveled from the
angle of the direction of rotation of the plurality of

-~ wheels.

A comparison is made of the position data and the
absolute position data and the position data is modified
by the resuits of the comparison.

A visual navigation system provides the absolute
position of the controllable mobile apparatus in defin-
able coordinate and communicates the definable coordi-
nates to the mobile apparatus.

Synchronization is provided by time stamping the
definable coordinates and time offset means for deter-
mining the time offset between the time stamp and the
time correction means modifies the position data and to
additionally modify the position data according to the
position difference that results from the time offset.

The visual navigation system obtains an image of the
mobile apparatus; converts the image to spatial position
and generates absolute position data from the spatial
posﬁmn

An image of the mobile apparatus is obtained by for
providing a defined pattern of lighted points associated

with the mobile apparatus, the lighted points being

separated from one another by predefined distances and

a TV camera obtains an image of the lighted points.
These advantages and objectives of the invention will

be apparent from a readmg of the 3pec1ﬁcat10n in con-

junciion with the figures in which:

BRIEF DESCRIPTION OF THE FIGURES
FIG. 118 a block diagram of a manufactunng system

-according to the invention;

FIG. 2 1s a block diagram of the control and naviga-
tion circuit of FIG. 1;

FIG. 3 1s a block diagram of the interface module of
FIG. 2;

FIG. 4 is a block diagram of the visual histogram
processor of FIG. 2;

FIG. 5 is a block diagram of the window generator of

FIG. 4
FIG. 6 is a block diagram of the plcture memory

module of FIG. 2;

FIGS. TA-TF are waveform diagrams illustrating the
operation of the control and navigation circuit 15 of
FIG. 1;

FIGS. 8A-8C are flow diagrams of the centroidifica-
tion of the images according to the invention;

F1G. 9 is an isometric illustration of a manufacturing
facility according to the invention;

FIGS. 10 and 11 illustrate the problem encountered
with reflective images;

FIG. 12 is a flow diagram of the program imple-
mented when reflected images are encountered;

FIGS. 13, 14 and 15 indicate the problem encoun-

- tered when a guidance beacon is obstructed from VIew

of a camera according to the invention;

FIGS. 16A-16B, and 17 illustrate the determination
of an obstructed image;

FIG. 18 is a block diagram of a mobile robot accord-
ing to the invention; |

FIG. 19 1s a block diagram of a servo control loop
according to the invention;

FIG. 20 is a block diagram of a dead reckoning navi-
gation system according to the invention;

FIGS. 21A-21C are flow diagrams of the dead reck-
oning navigation system implemented by the mobile

apparatus of FIG. 18;
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FIG. 22 1s a flow diagram of the execution of a servo
filter according to the invention;

FIGS. 23, 24, 25A-~25B, and 26A-26B illustrate a
braking system for the mobile apparatus of FIG. 18;

FIG. 27 is a block diagram of a wireless communica-
tion system for communicating between the control and

navigation circuits and the mobile apparatus;

FI1G. 28 1s a waveform of the wireless communication
system of FIG. 27;
FIG. 29 13 a top view of a beacon according to the

invention;

FIG. 30 i1s a sectional view of a navigation beacon
according to the invention;

FIG. 31 1s a top view of a manufactunng facility
according to the invention;

FIG. 32 is an isometric view of the manufacturing
facility of ¥IG. 31;

FIGS. 33A-33B are flow diagrams of a program used
to determine the position of a mobile apparatus when it
1s out of the view of the camera according to the inven-
tion;

FIG. 34 1s a block diagram of a manufacturing facility
having a multi apparatus system according to the inven-
tion;

F1G. 35 1s a flow diagram of the operator interface of
FI1G. 34; .

FIG. 36 1s a flow diagram of the communication logic
of FIG. 34;

FIG. 37 is a flow diagram illustrating the operation of
the navigation logic of FIG. 34;

... FIG. 38 is a flow diagram illustrating the operation of

.- the factory controller of FIG. 34:
. FIG. 39 is a flow diagram illustrating the operation of
.- the planar scheduler of FIG. 34; -
- FIG. 40 1s a flow diagram illustrating the operation of
the battery station logic of FIG. 34;

FIGS. 41A-41G provide a flow diagram of the con-

. trol of a mobile apparatus system such as that illustrated
- in FIG. 34;
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. FIGS. 42 through 49G are figures which illustrate the 40

-..-.generation of rules for a multimode mobile apparatus
..System;

.. F1GS. S0A-50C, 51 and 52 illustrate a method of
controlling the movements of a mobile apparatus in a
multiple node factory environment;

FIGS. 53A-53B are flow diagrams illustrating the
operation of a multi mobile apparatus system;

FIGS. 54A-54B through 56 are flow diagrams illus-
trating the navigation and control of multiple apparatus
using a single control and navigation circuit 15;

FIGS. 57 through 60 provide a collision avoidance
system for the multiple apparatus according to the in-
vention; and

FIGS. 61A-61D are the table of equations.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

In FIG. 1, to which reference should now be made,
there is shown a simplified diagram of a control and
navigation system 2A and mobile apparatus 21 accord-
ing to the invention. The control and navigation system
2A includes a plurality of cameras 1, control and navi-
gation circuit 15, a communication system 19 and a

terminal 17. Each member of the plurality of cameras 1

in the illustrated embodiment are raster scan TV cam-
eras and converts light that is emitted from beacons 3, 5
and 7 to video signals. Beacons 3, 5 and 7 are mounted
on the mobile apparatus 21 and in the embodiment of

435
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FIG. 1 are light-emitting diodes operating in the infra-
red region. The light represents visual information
about the position and orientation of the mobile appara-
tus 21 that is transmitted to the plurality of cameras 1
via an optical lens 11 which in the illustrated embodi-
ment has an infrared filter 9 mounted over the optical

lens 11. The infrared filter 9, although not necessary,

attenuates the noise caused by other lights in a factory
environment by limiting the light that is applied to the
cameras 1 to light that is in the infrared portion of the

light spectrum.

The plurality of cameras 1 convert the visual infor-
mation to a video signal that is applied via a conductor
13 to the control and navigation circuit 15 which re-
ceive operator inputs from a terminal 17 and converts
the video signals to location commands and apply the
location commands that contain information as to the
mobile apparatus’s 21 position and orientation to a com-
munication system 19 which can be a radio transmitter
or in a factory environment more preferably light or an
infrared wireless communication system. The infrared
wireless communication system through the use of light
emitting diodes and light sensitive diodes is able to
communicate between the control and navigation cir-
cuit 15 and the mobile apparatus 21 on which the light
sources 3, 3 and 7 are mounted. The mobile apparatus 21
compares its position with its commanded position and
will provide motion commands to its wheels or legs 23
for relocating its position and/or additionally move a
robot arm 25 to perform a commanded task. The posi-
tion of the arm 25 may be determined by an optional
beacon 27 or by internal references within the mobile
apparatus 21.

CONTROL AND NAVIGATION CIRCUIT 15

In FIG. 2, to which reference should now be made,
there is shown a simplified block diagram of the control
and navigation circuit 15. The plurality of TV cameras
1A through 1N provide visual information to the con-
trol and navigation circuit 15 and more particular to a
Vision Interface Module (VIM) 31. The vision interface
module 31 selects a predetermined TV camera 1S
which is a member of the group of TV cameras 1A
through 1IN and as such not specifically identified in
FIG. 2. The vision interface module 31 converts the
visual information that is in the form of an analog signal
having a waveform that corresponds to light intensity
versus raster scan position of the selected TV camera 1S
into a digital signal that provides a gray scale digital
representation of the analog waveform that is provided
by the selected TV camera 1S.

The gray scale digital representation of the analog
waveforms is processed by and stored in a Picture
Memory Module (PMM) 35 as a two-dimensional array
so that the intensity of the light by its position within the
memory array corresponds to a position of the raster
scan of the selected TV camera 1S. Additionally, bus 39
conveys the digital signal to a Visual Histogram Proces-
sor (VHP) 33 where the digital signal is converted to a
signal (herein after called a spatial domain signal) that
reprsents the spatial domain positionof the light sources
3, 5 and 7 and thus the mobile apparatus 21. From the
spatial domain signal, the centroids of the more intense
light that is received by the selected TV camera 18 are
identified.

A host CPU and memory 37 that includes a naviga-
tion CPU and a memory 374, a Communication CPU
and memory 517, and a control CPU and memory 505
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and in particular the navigation CPU and memory 37a
compares the centroids of the light sources to an ex-
pected pattern stored within the navigation CPU and
memory 37a of the light sources 3, § and 7 that are

mounted on the mobile apparatus 21. Once the pattern

has been identified, then the position including location
and orientation of the mobile apparatus 21 is transmitted
to the mobile apparatus 21 via the communication CPU
and memory 517 and an infrared wireless communica-
tion system 19.

The infrared wireless communication system 19 in-
cludes an array of infrared light emitting diodes 45 for
transmitting light to an infrared light receiving diode 47
and conveys information and commands to the mobile

apparatus 21 based upon its location. Commands are
also provided from a factory control computer 17 or a-

terminal to the host CPU and memory 37 for transmit-
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ting to the mobile apparatus 21 via the communication

CPU and memory 517 and infrared wireless communi-
cation system 19. An operator may monitor the move-
ment of the mobile apparatus 21 via a TV monitor 29
that is connected to the vision interface module 31. The
operator terminal 17 may also be used to input com-
mands directly to the mobile apparatus 21 for purposes
of testing or for manual control.

VISION INTERFACE MODULE 31

FIG. 3 to which reference should now be made is a
block diagram of the vision interface module 31 of FIG.
2. The video signals from the plurality of TV cameras
1A through 1N are brought into the vision interface
module 31 via conductor bundle 32. The video signals
are analog signals and are applied to an analog muiti-
plexer 49 which based upon an output from the naviga-
tion CPU and memory 37a via Control Register Unit
(CRU) output lines 41 selects the predetermined TV
camera’s 1S video signal for processing. The navigation
CPU and memory 37a selects the camera’s 1§ video
signal based upon its predeterminability that is estab-
lished primarily by the criteria of the camera that has
the best view of the mobile apparatus 21 given its last
known position and its expected direction of motion
after the execution of the last move command. The
video signal is multiplexed by the analog muiltiplexer 49
and applied to a video clamp or active clamp 51 for
clamping of the video signal to a reference voltage that
is established by the clamp voltage potentimeter 42. The
clamped video signal is applied to amplifier 55 and then
to a flash A to D converter 57 which takes a digital snap
shot of the clamped and amplified video signal.

Reference voltages from D to A converters 53 and 59
depending on the commands present on data bus 41
from the control register unit of the navigation CPU
and memory 37a compensate for input video sign
range variations. - | -

The vision interface module 31 also provides on con-
ductor 40 a video signal to the TV monitor 29 where an
operator may monitor the progress of the mobile appa-
ratus 21. This is handled by taking a frame of the digital
video information from the picture memory module 35
via data bus 43 and applying it to a latch 61 for conver-
sion to an analog signal by a digital to analog converter
63. The analog signal 1s applied to a video composer or
mixer 65 for mixing with a video overlay signal to re-
produce a replica of the previously stored video signal.
A buffer amplifier 67 buffers the reproduced video
signal prior to application to the TV monitor 29.
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The mixer 65 mixes the converted analog signal with
external overlay inputs that are provided from the pic-
ture memory module 35 and the navigation CPU and
memory 37a to obtain an accurate representation of the
video image. Additionally, provided in the vision inter-
face module 31 is a synch and timing generator 69 that
provides the pixel clocks, the horizontal synch pulses
and the vertical synch pulses for ensuring proper syn-
chronization of the video signals.

An interface is provided by the processor interface 71
which interfaces the output of the control register unit
from the navigation CPU and memory 374 to the vision
interface module 31. The processor interface 71 pro-
vides line receivers so that the control register unit
signals are received properly before application to the

appropriate modules within the vision interface module
31.

VISUAL HISTOGRAM PROCESSOR 33

FIG. 4 1s a block diagram of the visual histogram
processor 33. The digital video signal is applied from
the vision interface module 31 via data bus 39 to the
visual histogram processor 33. The portion of the digital
video signal which carries synch and reference clock
data 1s applied to the window generator 73. The win-
dow generator 73 generates a window around the im-
ages that are predicted to be the images of the light

‘sources or beacons 3, 5 and 7 to reduce the area of

examination for identifying the objects, such as light
sources or beacons 3, 5, and 7. Once a window 1s gener-

ated the output of the window generator is applied in

combination with data from a video threshold circuit
920 to a row projection counter 4 that is used to per-
form a row vector summation for each row with the
summation stored by the fly control software executed
by the CPU 8 and stored in memory 6. F1GS. 8 provide
a more detailed instruction of the functions imple-
mented by the CPU 8. Similarly the output of the win-
dow generator 73 is applied to a column address
counter 2 that generates the memory addresses (herein
after referred to as column address data corresponding
to the raster column positions.

The column address data is split into two parallel
paths and applied to a first and second accumulator
processing circuits reducing thereby the accumulator
processing rate to-one half the input pixel rate. During
the active window area, memory locations correspond-
ing to the position of the raster scan of the selected
camera 1S are recalled and selectively incremented as a
function of the processed video signal from the video
threshold circuit 920. The first accumulator processing
circuit includes an accumulator 922, an adder 14 and a
“D” type latch 16. The second accumulator processing
circuit includes an accumulator 924 an adder 22 an a
“D” type latch 24. The first and second accumulator
circuits work in tandem and pracess all columns data
that occurs within the window that is generated by the
window generator 73. Under command of the CPU 8,

D type latch 10 and D type latch 18 are held in a reset

condition during this mode of operation (the accumula-
tion of data within the generated window) and the carry
in pins of adders 14 and 22 are held at a logic high by the
action of inverters 12 and 22. When control line 921 is
held low by the action of CPU 8 the accumulator adds
the gray scale value of each pixel in the corresponding
columns. . -

- Video histograms are performed by the action of
CPU 8 on a multiplexer 923 which directs the digital
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video signal into the accumulator address bus. Though
the same action as above the accumulator generates a
histogram in the accumulator memory.

The information contained within the accumulators
922 and 924 is compiled within the CPU 8 and is stored
within its memory 6 as well as conveyed to the naviga-
tion CPU and memory 37a via data bus 41.

WINDOW GENERATOR 73

The window generator 73 is illustrated in FIG. 5, to

‘which reference should now be made, and includes a
horizontal address counter 77 and a vertical address
counter 75. The horizontal address counter 77 and the

vertical address counter 75 receive horizontal synch,

interface module 31 and generates a count that corre-
sponds to the scan position of the selected raster scan
TV camera 1S. The horizontal address counter 77 pro-
vides a horizontal address to a horizontal window mem-
ory 88 which has a memory size that corresponds to the
number of horizontal addresses of the pixels of the
members of the plurality of cameras 1. As the horizontal
address counter 77 cycles through its capacity it will
address all of the memory locations contained in the
horizontal window memory 88 that correspond to the
pixel location of the raster scan cameras 1. Similarly, the
vertical address counter 75 addresses the vertical win-
dow memory 76 which memory size corresponds to the
"« vertical addresses of the pixels of the members of the
: : plurality of cameras 1. CPU 8 via data bus 925 sets up an

-....appropriate location of each window that is to be gener-
-+.ated by storing in the horizontal and vertical window

~ memories 88 and 76 a logic state at the start and stop
~ addresses that will toggle J-K flip-flops 79 and 91 to
generate the windows at the desired locations. Addi-

.. tionally, using this technique allows for generating as

- many windows as needed, only being limited by the
. MEemory sizes.

<. . The windows are used to provide the vector summa-
- tion of the video signal. The window is generated ac-
~.cording to the coordinates of the position of the raster
scan of the selected TV camera 1S as provided by the
CPU 8.

‘The data provided includes a start coordinate and an
end coordinate and each coordinate has a horizontal
and vertical position. The horizontal start position is
encoded by CPU 8 setting a bit in the horizontal win-
dow memory 88 corresponding to the start position.
‘The coordinate of the stop or end of the window is
encoded by setting a bit at the address just previous to
the address corresponding to the stop position in hori-
- zontal window memory 88. This permits the inclusion
of an additional start bit at a position corresponding to
a window which is exactly adjacent to the previous
window. The output of the horizontal window memory
88 appears as two pulses, one occurring at scan position
corresponding to the start and one at the stop of the
window. Additional start stop pairs may be set to pro-
duce multiple window areas.

J-K flip-flop 79 is reset to the Off state by the action
of the horizontal synch. Corresponding to the screen
coordinates, the start/stop pulses toggle J-K flip-flop
79.

Index counter 81 produces a unique index for each
window to direct results of each vector summation into
a separate portion of accumulator 922 and 924.
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ing generator 69 that is contained within the vision
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Similarly, the start coordinate for the vertical posi-
tion is stored in vertical window memory 76 and loca-
ttons corresponding to the start and stop positions are
encoded by setting a bit in the vertical window memory
76 corresponding to the start and stop positions. Com-
pensation for adjacent windows and vector memory
index generation is provided.

A composite of the vertical window VWIND, and
the horizontal window is produced by the action of
timing signals generated by horizontal window memory

88 and vertical window memory 76. J-K flip-flop 83 is
set into the On condition by the presence of the horizon-
tal start pulse, vertical window and the absence of a

previous window. The previous function is performed
by the action of inverter 87 and NAND gate 84. J-K
flip-flop 83 is reset on the condition of the presence of
the horizontal and vertical window and the stop bit
from the horizontal window memory 88. This action is
delayed one clock period and is inhibited by the pres-
ence of an adjacent window which has the effect of
keeping flip-flop 83 in the set condition. The previous
function is performed by the action of flip-flop 79 which
registers the presence of a horizontal window period
and NAND gate 90. Flip-flop 89 performs the one clock
delay. AND gate 85 inhibits the action in the presence
of an overriding adjacent window represented by the
presence of an additional start pulse.

The vertical window or VWIND signal is generated
by the action of vertical address counter 75 and vertical
window memory 76 as described above. The start/stop
pulses are applied to J-K flip-flop 91 by the action of
AND gate 92 which combines the vertical window start
pulse with the HCLR signal. HCLR is a one clock
period wide reset puise occurring once per line and
generated from the HORZ SYNC signal described
above and generated in the synch and timing generator
69. This has the effect of toggling J-K flip-flop 91 On.
The output of J-K flip-flop 91 is applied in combination
with the vertical start signal VRAM and horizontal
timing signal HCLR. Logic gates 93, 96 and 95 control
the action of J-K flip-flop 97 which defines the vertical
window period. The action of J-K flip-flop 98, D type
latch 99 and NAND gate 94 produce a last active line
flag, which is used to resynchronize index counter logic
81.

PICTURE MEMORY MODULE 35

The video bus 39 transmits the video signal from the
vision interface module 31 to the picture memory mod-
ule 35 which is controlled by a CPU and memory com-
bination 46. The CPU and memory combination 46
provides CRU control to the logic that is contained
within the picture memory module 35 and also provides
interface to the navigation CPU and memory 37a of
FI1G. 1.

Referring to FIG. 6, 2 multiplexer 30 will select ei-
ther the output from a video picture buffer ram 40 or
the mput on the video bus 39 for processing as in-
structed by a CPU and memory combination 46. The

selected digitized video signal is applied to a binary

logic map 34 which is a RAM that is coded to convert
the information coded in the digitized video signal from
gray scale to black and white coded information. The
function performed by the binary logic map is usually a
threshold comparison. The comparison is such that
when the light intensity level that is coded in the digi-
tized video signal is above the threshold a first logic
state is obtained and when below the threshold a second
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logic state 1s obtained as an output from the binary logic
map 34.

The black and white digitized video signal that is

provided on the output of the binary logic map 34 is

applied to a 3 X3 processor 36 which compares a 3 X3

matrix of logic states. This 3 X 3 processor uses a digital
filtering technique which eliminates noise by comparing

a 3 X 3 matrix of pixel information coded in the digitized

video signal, and if the center pixel is one state and its
adjacent members are different states, then the state of

10

the center pixel 1s changed to be in agreement with the

adjacent state of the surrounding pixels. The output of
the 3 X 3 processor 36 is applied to a video picture buffer
1140 which is a random access memory and is stored
under control of the CPU and memory combination 46
and an address counter control logic 44. |

If selected for display via the TV monitor 29 through

the vision interface module 31 a multiplexer 1142 ena-
bles the display to be the output of the video picture

buffer 1140, the processed data from the 3 X3 processor

36 or alternately the video data that is provided on the
video bus 39. A blanking delay 26 compensates for
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processing delays incurred within the picture memory

module 35.

| Theory of Operation
The theory of operation may be understood by refer-

ring to FIGS. 7 in combination with FIGS. 1 through 6.
FIG. 7A 1s a graphic representation of the analog signal

from the selected camera 1S that after being multi-
plexed by the analog multiplexer 49 of FIG. 3 is applied
to the active clamp 51. As was discussed earlier in the
specification, the TV cameras 1 are raster scan cameras
in which scans are made over the field of view to obtain
a picture 100 that is comprised of a plurality of scans
101. In the case where light intensity is different than
the background than an image 103 is depicted in the

. picture 100. Multiple images as in scan 105 are addition-
-... ally depicted. Each scan as it occurs is multiplexed and
.. applied to the active clamp 51 the output of which is

illustrated in FIG. 7B in which the scan 105 has two
blips 107 and 109 that represent light intensity.

The output of the active clamp 51 is illustrated in
FIG. 7C in which a time discrete digitization operation
is illustrated by waveform 111. Waveform 111 is an
illustration of the time discrete digitization of waveform
105 which is the input signal to the active clamp 51.
Each discrete segment in the illustrated embodiment is
referenced to a voltage that is provided by the clamp
voltage potentiometer 42. The time discrete digitization
operation is in synch with the pixel clock. The output of

the active clamp 51 is applied via buffer 55 to the flash

A to D converter 57 which at the occurrence of every
pixel clock converts the sampled video signal to a digi-
tal signal an example of which is illustrated by wave-
form 130 of FIG. 7C. The time discrete digitization
voltages provided by the D to A converters 53 and §9
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are used to set the background of the image that is being

quantized. .

In F1G. 7D, the synch and timing generator 69 output
1s illustrated and includes a field index signal 113 and is
generated by a request from the navigation CPU and

memory 37a¢ via the control register unit to the synch

and timing generator to indicate or to strobe a particular
frame of interest for the navigation CPU and memory
37a. Additionally, the synch and timing generator 69
provides a vertical synch pulse that is represented by

waveform 115 which is the vertical synch for a frame,

635
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and a horizontal synch signal is provided and repre-

- sented by waveform 117 which shows the horizontal

synch pulses that are necessary to develop a frame such
as that shown in FIG. 7A. _ '
FIG. 7D also illustrates the number of conductors on
the data bus 39 of FIG. 2. Central to the group of cir-
cuits that includes the vision interface module 31, the
visual histogram processor 33 and the picture memory
module 35 is the concept of a generalized video bus,
digital bus 39. The most important feature of the video

-bus, 39, is there 1s not a requirement for a pixel address
bus. The vertical synch as represented by waveform 115

and horizontal synch as represented by waveform 117,
synchronizes each of the three modules. A field index
waveform 113 and the window waveform, 119, which
can be also used as a pixel valid address is also illus-
trated. With this configuration, the video bus 39 can be

‘reduced in size and handle a large variety of possible

imagers, video cameras, without hardware changes.
With this reduced number of pins, modules can be con-
figurated easily to select multiple digital inputs. The
window generator 73 of FIG. 4 provides windows as

~are 1illustrated by waveform 119 and in particular by

output pulses 121 and 123. The pixel clock is provided
by the synch and timing generator 69 and is represented
by waveform 125 and the video data is represented by
waveform 127 with the output of the flash A to D con-

- verter 57 being illustrated by diagram 129.

As the selected frame of reference i1s being digitized,
the area within the window that is generated by the
window generator 73 is processed by the visual histo-
gram processor 33. The resulting image (diagram 131 of
FIG. 7E) is also stored in the video picture buffer 1140.
The images that represent the beacons, because of the

processing, are identified as perturbations such as at

location 134. A ghost image which can be attributed to
reflection or to other phenomena such as quantization
error is illustrated at 136.

Horizontal and vertical vector summations are per-
formed on the digital data that is shown at diagram 130
to obtain a horizontal vector summation that is repre-
sented by waveform 133 and a vertical vector summa-
tion that 1s represented by waveform 135. The vector
summation is performed with the accumulator process-
ing circuits that are a part of the visual histogram pro-
cessor 33 illustrated in FIG. 4 and discussed therewith.

The vector summations are thresholded by the opera-
tion of the CPU 8 and memory 6 and projected by the
operation of the circuits within the picture memory
module 35. The resulting waveforms are illustrated in
FI1G. 7F where waveform 137 illustrates a normalized
projection of the waveform 133 and waveform 139
illustrates the normalized projection of the waveform
135. The waveforms are combined and areas of coinci-
dence such as at area 141 and 143 or the shaded areas
represent areas of high probability of containing a bea-
con image. Based upon the intensities of the areas of
each image within a candidate box, a decision can be
made as to the exact position of the beacons of the
mobile apparatus 21. Thus from the information illus-
trated in FIG. 7E, the location of the mobile apparatus
21 is achieved. |

FI1G. 8 is a flow diagram of the sequences that are
programmed in the navigation CPU and memory 37a,
the CPU 8 and memory 6 of the visual histogram pro-

cessor 33 and the CPU and memory combination 46 as

contained within the picture memory module 35.
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BEACON CENTROIDIFICATION AND
TRANSFORMATION

Upon initialization, (FIG. 8A) the control and navi-
gation system 2A is in a starting state 200. A prediction
is made to select one of the cameras 1A-1IN for scan-
ning at block 201. After selection of the selected camera
1S the picture is applied via a video signal from the
selected TV camera 1S to the vision interface module
31 at block 203. At block 205, the window information
1s provided to the window generator 73 of candidate
object positions from the CPU 8. At block 207 windows
are built around the coordinates of the suspected loca-
tion of the mobile apparatus 21. The picture memory
module 35 1s used to discard false candidates and objects
which are too large and to calculate the centroids of the
candidates which were illustrated in FIG. 7E at areas
134 and 136 and store into the CPU and memory 37q at
block 209. The centroid coordinates are transformed
into a beacon plane/floor space at block 210.

BEACON NUMBER AND CHORD LENGTH
ACQUISITION

After the transformation of the centroid coordinates
onto the floor space, a count of the objects’ centroids is
made to determine how many objects are visible. This is
performed at decision block 211 of FIG. 8B via tie point
P2. The image is discarded at block 212 if there is only
0 or 1 centroid identified and returns to start point 200

_ via tie point P1. If there are two images visible, then this

... may indicate that there is a presence of a mobile appara-

tus 21 and one of the beacons, either 3, 5 or 7 is blocked

.- by an object such as the robot arm 25 and the third

. image needs to be synthesized. This occurs at block 213
~-and will be discussed in conjunction with FIGS. 14

through 18. If four or more images are present, then a

- decision is made as to whether or not there is a reflected
.- image, and if there is a reflected image, then the re-
- ~flected image is discarded and only the primary image

L LI T A

- Of the mobile apparatus 21 is used. This occurs at block

-. 215 and will be discussed later in conjunction with
- FIGS. 11, 12, and 13.

. In the situations where as is expected, three of the
images are visible, the hidden image coordinate has

been obtained or the reflected image filtered out then
the three chord lengths between the images are ob-
tained at block 215. At decision block 217, a decision is
made to ensure that the lengths of the chords are in
proper proportions. If the lengths are not in proper
proportions, then the control and navigation system 2a
returns to tie point P1 and start position 200 to repeat
the process. If the chord lengths are in proper propor-
tions then a clockwise ordering of the chords from the
hypotenuse is obtained at block 219. The chords are
then arranged in order of decreasing length at block 221
or if this arrangement can not be made at block 221,

then the control and navigation system 2a returns via tie

point P1 to starting point 200.
Tie point P3 connects FIG. 8C with 8B and reference
should now be made to FIG. 8C.

ACQUIRING MOBILE APPARATUS POSITION
AND READING

At block 223, the angle of the chords is computed and
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a decision is made at decision block 225 to ascertain if 65

one of the chord angles is 90 degrees, or any other
predefined degree angle. If the chord angles are correct,
the perimeter or sum of the chords is computed at block

12

227. If not, then through tie point P1, the control and
navigation system 2g returns to start point 200. If the
perimeter is the correct length, then the floor coordi-
nate of the midpoint of the beacon hypotenuse is com-
puted at block 229. If the perimeter is not the expected
length, then via the point P1, the control and navigation
system 2a returns to the start position 200.

The mobile apparatus’ 21 heading is computed from
bow and port chord angles at block 231. The bow chord
is rotated 90 degrees and the mean of the port chord and
the rotated bow chord is used as the final mobile appa-
ratus heading. Communication of the heading and posi-
tional fix to the mobile apparatus 21 is performed at
block 232.

To ensure heading and positioning of the mobile
apparatus 21 it is obvious from the discussion of the
flow diagram that at least one angle has to be at a partic-
ular degree that is different from the other two angles.
In the case of the embodiment of FIG. 1, the angle is 90
degrees and given the 90 degrees angle then the heading
of the mobile apparatus 21 and its relationship to the
position of a raster belonging to an identifiable camera
that is a member of the group of cameras 1A through
1N and consequently its position on a surface can be
obtained. Thus, the process is repeated via connect
point P4 to obtain a sequence of positions and the mo-
bile apparatus 21 is guided across a factory floor or
warehouse floor or any other location of its assigned
duties through its internal guidance system and the
sequential updating of its position.

It should be noted that the angular relationship of the
beacons to one another should provide an image of an
asymmetrical triangle and the optimum triangle is a 30,
60 and 90 degree triangle.

F1G. 9 illustrates the beacon identification and trans-
formation steps visually by showing a plurality of cam-
eras 1A and 1B. Each camera has a field of view that is
projected at a height that is illustrated by the plane 155
for camera 1A and for camera 1B the plane 157. These
planes are calculated to be at the height of the beacons
159 and 161. However, the height of the beacon plane is
different than the floor 163. Therefore, after the beacon
plane at 155 or 157 is calculated, the plane is then trans-
formed to the floor space (block 210 of FIG. 8A) to
coincide with the plane 163.

REFLECTED IMAGE FILTERING

In the discussion of FIGS. 8 and in particular with
FIG. 8B, at step or block 214 that is implemented by the
control and navigation system 2g that was disclosed in
FIG. 1 the step of discarding of reflected images when
there are more than the expected number of images
received and processed was identified. This step is ne-
cessitated by the operation of the mobile apparatus 21 in
environments such as that normally encountered in a
manufacturing facility. A reflecting surface such as a
window 400 (FIG. 10) reflects the image of the mobile
apparatus 21 to the camera 1 so that the camera 1 visual-
izes an image that is illustrated in FIG. 11, i.e. two
mobile apparatuses 21 and 21R. The control and naviga-
tion circuit 15 determine which image is the primary
image and which image is the reflected image and dis-
cards the information that pertains to the reflected im-
age. To implement this reflected image filtering tech-
nique in the embodiment shown in FIG. 10, the beacons
3, 5 and 7 are arranged in an asymmetrical triangle
configuration having as indicated by dimension lines
401 a 90 degrees angle between a line that is drawn from
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5 to 7. The three beacons make a right handed asymmet-
rical 90 degrees triangle. The reflected image is an
asymmetrical left handed 90 degrees triangle and by
knowing this information, the control and navigation
circuit 15 will disregard the reflected image 21R.

The process that is utilized is illustrated in FIG. 12
and begins at a start point at block 214 which is also the
reference point from FIG. 8B. All of the centroids of
the images are obtained at block 402. The distances
from each image centroid to a plumbed center point
coordinate is obtained at block 403, and at block 405 a
sort 1s made of the plumb point to centroid chords in
order of lengths. At block 407, the images correspond-
ing to the shortest center line chords which form a
triangle of correct shape and size are identified and the
coordinates of the three selected beacons are obtained
at block 409. At the end block 412 the microprocessor

beacon 3 to 5 as compared to a line that is drawn from

14

cons are identified as “A” and “B”, the control and

~ navigation circuit 15 is initiated at block 420. The coor-

10

15

returns to the execution of the next step which occurs at

step 214 of FIG. 8B.

HIDDEN BEACON IDENTIFICATION
| PROCEDURE |

In FIG. 13 there is illustrated a manufacturing ar-
rangement wherein two mobile apparatuses 21A and
21B are operating under the field of view of a selected
TV camera 1S. Each mobile apparatus 21 be it 21A or
21B has three navigational beacons 3, 5, and 7 and a
robot arm 25. In both cases illustrated in FIGS. 13 and
14 one of the three beacons per mobile apparatus is
obstructed from the field of view of the selected video

~=  camera 1S. The condition occurs when the view of one
.. of the beacons to the selected camera 1S is obstructed

. . and the control and navigation circuit 15 will imple-

s ek m

ment at block 213 of FIG. 8B the hidden beacon proce-
dure.

The problems that are solved by the hidden beacon

procedure are illustrated in FIGS. 14 through 17 which
should be used in conjunction with FIG. 13. The view

. of the beacons as seen by the selected TV camera 18 is
~=» ~  shown by the field of view 416. FIG. 17 is a detailed

view in which two beacons are visible and a third bea-

-~ con 1s blocked. In both FIGS. 14 and 17, the plumb

point i1s marked “P”. Image 414 shows how the block-
ing of beacon 3A raises two distinct possibilities: it can

be either where beacon 3A is illustrated or where bea-

con 3AR is illustrated. Image 415 illustrates when one
of the other two beacons is obstructed from view of the
selected TV camera 1S. In the case of image 415 the
robot arm 25B obstructs beacon 5B. The control and
navigation system 2q must decide the exact location of
the beacon and the choices are at the location of beacon
5B or the location of beacon 5BR.

The solution to the above discussed problem may be
understood by referring to the geometry of the image
that is viewed by the selected TV camera 1S. This is
illustrated in FIG. 15 where there is a triangle with
three sides s1, s2, and s3 and where side s1 is the chord
between beacons 3 and $, side s2 is the chord that con-
nects beacons 3 and 7 and side s3 connects beacons 5
and 7. The triangle is in a plane 417 that contains bea-
cons 3, 5, and 7.

PROCEDURES FOR IDENTIFYING HIDDEN
| IMAGES |

FIGS. 16 are flow diagrams of the procedures for
identifying hidden images such as those shown in FIG.
13. If as shown in FIG. 17 the images of the two bea-
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dinates of images A and B are supplied to the control
and navigation circuit 15 at block 421. The distance
between images A and B is obtained at block 423. The
control and navigation circuit 15 has stored therein the
lengths of the chords s1, s2, and s3. At block 424 the
control and navigation circuit 15 compares the distance
between images A and B with the length of each chord
s1, s2 and s3 and selects the chord which has a length
that closely matches the length of the distance between
images A and B and assigns the selected chord the refer-
ence notation “D” as is illustrated in FIG. 17. As is
indicated in FIG. 16a at block 425, the unselected
chords are designated by the reference letters “E” and
“F”. A first circle AE of a radius E is constructed
around A and a second circle BE of equal radius is
constructed around B. A third circle AF having a ra-
dius of length F is constructed around A and a fourth
BF of equal radius around B.

The next step is to obtain the coordinates of candidate
points C1 and C2 at the intersections of circles AE and
BF. This step is implemented at block 427. A clockwise
ordering of the chords AB, AC1, and BC1 is performed
at block 431. A decision is made at block 433 as to
whether the length of the chords is increasing in length
or decreasing in length starting with the hypotenuse. If
the clockwise arrangement of the chords produces an
arrangement which begins with the hypotenuse and
decreases in length then the control and navigation
system 2a goes to block 439 and coordinate C1 becomes
the first primary candidate and is designated as X1.
Otherwise, the control and navigation system 2a goes to
block 437 where C2 is designated as the first primary
candidate X1.

At block 441 of FIG. 16B, the coordinates of the
points of intersection of circles AF and BE are obtained
and designated C3 and C4 respectively. The lengths of
the chords (X1, C3) and (X1, C4) are obtained at block
443. A decision 1s made at block 445 to ascertain if the
chord (X1, C3) is shorter than (X1, C4). If (X1, C3) is
shorter than (X1, C4) then C4 is selected as the second
primary candidate X2 at block 447; if not, C3 is selected
as the second primary candidate X2 at block 449.

The distance is computed between the coordinates of
the first and second primary candidates X1 and X2 and
plumb point P at block 451. If the length of the chord
PX1 is less than PX2 which decision is made at block
453 then X2 is the third beacon point. Otherwise, X1 is
the third beacon point as indicated at block 457. The
results of the identification are provided at block 459 to
complete the hidden beacon procedure and the control
and navigation system 2A returns to block 215 of FIG.
8B. | |

THE MOBILE APPARATUS 21

F1G. 18 is a block diagram of the mobile apparatus 21
according to the invention as illustrated in FIG. 1. A
radio or other wireless communication system 19 such
as infrared diodes receives position data and commands
from the navigation CPU and memory 37 and transfers
that to the heart of the mobile apparatus 21, a CPU and
memory 52. The CPU and memory 52 transfers instruc-
tions to a robot arm or material handling apparatus such
as that i1llustrated in FIG. 1 as a robot arm 25 and also
provides commands to the navigation beacons such as
“turn on”, “turn off”’, “flash’ or other functions. Addi-
tionally, the CPU and memory 52 provides steering,
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start, stop and rotation instructions to a plurality of
wheel assemblies 58. Each wheel assembly includes a
first D to A converter 60, a steering servo amplifier 62,
a steering motor 64 which is responsive to commands
from the steering servo amplifier 62, a second D to A
converter 72, a drive servo amplifier 70 and a drive

motor 68 which causes the wheel 23 to rotate. Both the

drive servo amplifier 70 and the steering servo amplifier
62 are illustrated as servo amplifier 371 in FIG. 19. Both
the first D to A converter 60 and second D to A con-
verter 72 are illustrated as D to A converter 372 in FIG.
19. Both steering motor 64 and drive motor 68 are 1llus-
trated as motor 376 in FIG. 19. A battery 48 provides
power to the mobile apparatus assembly 21. |

CPU/MEMORY COMBINATION’S 52 PROGRAM
SEQUENCE

The sequence of events that is executed within the
CPU and memory 52 of the mobile apparatus 21 begins
when the mobile apparatus 21 via the radio or wireless
communication system 19 receives a go to goal com-
mand and verification of the receipt of that command is
provided. The navigation system initially provides the
positioning information to the mobile apparatus 21 and
a comparison is made to ascertain if the current position
is equal to the goal position. If it is, then the CPU and
memory 52 will cause the mobile apparatus 21 to stop
and to wait unti a new go to goal command is received.
If it is not the same, then the directions, and displace-

“ments to the goal position are ascertained and an update
. of the steering angles and velocity towards the goal

ooposition are implemented that will steer the mobile

-----

||||||

-+ apparatus toward the goal position.
" MOBILE APPARATUS GUIDANCE AND SERVO

CONTROL SYSTEM
In FIG. 19 there is shown a simplified circuit diagram

- of a servo control loop 320 that is contained within the

= mobile apparatus 21 for each wheel assembly 58 and is
.zused to control the mobile apparatus 21. The servo

.~ control loop 320 includes the CPU and memory 52. The

2.CPU and memory 52 provides in the form of digital

signals speed and direction data to the servo amplifier

371 via the' D to A converter 372. The D to A converter
372 converts the digital signals that are provided from
the CPU and memory 52 to an analog voltage or com-
mand voitage that is applied to the servo amplifier 371.
The servo amplifier 371 provides buffering to the D to
A converter 372 and amplifies the command voltage
which is applied to a motor 376 and is used to cause the
motor 376 to rotate a shaft 374 which causes the load 23,
such as a wheel or a steering wheel, to rotate the num-
ber of degrees as represented by the amplified command
voltage that is applied to a motor 376 from the servo
amplifier 371. A shaft encoder 333 encodes the degrees
of rotations and provides this information via conductor
bundle 375 to an encoder interface 370 which converts
the output of the shaft encoder to signals that are ac-
ceptable by the CPU and memory 52.

DEAD RECKONING GUIDANCE SYSTEM

‘The mobile apparatus 21 is permitted to be free roam-
ing and as such the steering angles and drive velocities
of each wheel must be coordinated. Refering to FIG. 20
which should be used in conjunction with FIGS. 18
through 19 there is shown the implementation of a dead
reckoning guidance system for the mobile apparatus 21.
The CPU and memory 52 receives a commanded trajec-
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tory from the control and navigation circuits 15 via the
wireless communication system 19 and implements a
position comparison at block 331. The results of the
comparison are used to formulate a wheel position error
that 1s used by the CPU and memory 52 for developing
of trajectory control and wheel coordination com-
mands at block 328 for application to the wheel assem-
blies 58 in the form of digital signals that was described
in conjunction with FIG. 19. The digital signals are
applied to the servo control at block 327 which gener-
ates commands for the servo amp and mechanism 323
which includes the D to A converter 372, servo ampli-
fier 371 and the motor 376. After the conversion to
analog signals by the D to A converter 372, the analog
command voltage is applied to the servo amplifier 371
for amplification. The servo control 372 receives an
angle via an angle sensor 325 and uses this information
to adjust the amplitude of the command voltage that is
applied to the servo amplifier and mechanism 323. Ad-
ditionally, the sensed angle as measured by the angle
sensor 325 on each motor 376 i1s applied to a position
estimator 329. The angle sensor 325 includes shaft en-
coder 333, conductor bundle 375 and encoder interface
370. The position estimator 329 also recevies a total of 6
position datas from 6 angle sensors 325 and is directed
to a 3 wheel mobile apparatus 21 with each wheel as-
sembly 58 being used for both drive and steering func-
tions. The position estimator provides the position of
the mobile apparatus 21 to the position comparator 331
which generates commands to adjust the position of the
mobile apparatus 21 until the commanded position is
achieved. Periodically the mobile apparatus 21 receives
measured position from the control and navigation cir-
cuit 15 and corrects the dead reckoning position ac-
cordingly. The equation of motion for each wheel is
provided by equation 1; equation 2 provides the wheel
coordination and equation 3 provides the dead reckon-
ing determination. All of the equations are found in the
table of equations.

FIGS. 21 are a flow diagram of the software imple-
mentation for guidance of the mobile apparatus 21 of
FIG. 1 in which the control and navigation circuit 15
transmits to the mobile apparatus 21 command instruc-
tions to command the mobile apparatus 21 to traverse a
predetermined commanded path. Additionally, the con-
trol and navigation circuit 15 periodically provides to
the mobile apparatus 21 position data which the mobile
appartus 21 uses to correct for errors that are present in
navigation commands that are contained within a dead
reckoning navigation procedure that is executed by the
mobile apparatus 21.

The CPU and memory 52 executes within the CPU
section the dead reckoning program that is stored
within the memory of the CPU and memory 52 and is
represented by the flow diagram contained within FIG.
21. At block 350 the control and navigation system 2A
formulates the absolute position of the mobile apparatus
21 and transmits it via the radio or other wireless com-
munication system 19 to the mobile apparatus 21. The
mobile apparatus as indicated at block 351 is at a stop
position where it waits for the absolute position data to
be provided from the control and navigation system 2A
which is used in the embodiment of FIG. 1 as a sensor
rather than a controller. At block 353 the vehicle, mo-
bile apparatus 21, begins motion in a commanded direc-
tion that is provided from the control and navigation
circuit 15 and stores extrapolated positions and vehicle
reference time stamped after each time period. At block
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355 the vehicle, mobile apparatus 21, receives absolute
position data with sensor reference time stamp from the
control and navigation circuit 15, and the CPU and
memory 52 searches stored extrapolated data for the
closest match between the absolute data position and

the extrapolated radial move from the stop position at |

block 351 to the current position at block 357.

The CPU and memory 52 then determines the offset
between the time stamp of the closest match position
from block 357 and the absolute position sensor data at
block 359. The mobile apparatus 21 proceeds in the
commanded direction continually storing the extrapo-
lated position and generating the reference time stamp
after each time period at block 361.

Once the mobile apparatus 21 receives absolute posi-
tion data with time stamp from the control and naviga-
tion circuit 15 then a comparison is made to see if a
preselected time limit between data points i1s exceeded.
If so, then line 363 is taken from block 365, and a failure
of synchronization in timing between the control and
navigation circuit 15 and the mobile apparatus 21 oc-
curs at block 367. Therefore, the mobile apparatus 21
must stop and wait and return to block 350 until it re-
ceivs its absolute position. If the time limit between the
data points is not exceeded, then the CPU and memory
52 proceeds to block 369 where the CPU and memory.
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52 determines extrapolated position at the time when

the absolute position was measured using known offset
from block 359 and the stored extrapolated position in
the memory portion of the CPU and memory 52. At
block 371 errors in the extrapolated position when abso-
lute position was measured are subtracted from the
current extrapolated position. |

If the errors are greater than expected, such as 6
inches in radial distance or 5 degrees, then the assump-
tion at block 367 that there is a synchronization time
failure is made, and the CPU and memory 52 commands

the mobile apparatus 21 to stop. If not, line 373 is taken

and the controllable mobile apparatus 21 proceeds in
the commanded direction.

In the discussion of the hidden image subroutine that
was discussed in conjunction with FIGS. 13 through 17,

. it was shown that when one of the images is blocked

that it is possible to know the position and heading of
the mobile apparatus 21. However, in reflective envi-
ronments or other combination of environmental vision
conditions, the hidden image subroutine may be inaccu-
rate. Therefore, the mobile apparatus will override an
erroneous command that is provided it from the control
and navigation circuit 15 of FIG. 1. This override abil-
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ity 1s 1llustrated in FIG. 21C to which reference should

now be made. |
Within the execution of blocks 351, 355 and 365 of

FIGS. 21A and 21B, the CPU and memory 52 leaves
the start block 352 and waits for position data from the
control and navigation circuit 15. Contained in the posi-

33

tion data 1s an indication of when there is a hidden .

image. This data is checked at block 356. If there is no
hidden image indication, the program is exited via block
364. If there 15 a hidden image indication, then blocks
358 and 360 compare the angle from the control and
navigation circuit 15 with the dead reckoning angle.
The angle as determined by the dead reckoning guid-
ance will be the dominate angle if the two angles are 180
degrees different indicating an error in the hidden image
routine data, and at block 362 the data from the control
and navigation circuit 15 is adjusted based on light
geometry and information contained in the position data

65
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indicating which image was hidden and thus incorrectly
synthesized. This route of FIG. 21C is executed when-
ever position data is received from the control and
navigation circuit 15.

VELOCITY FILTER FOR A SERVO SYSTEM

The CPU and memory 32 of FIG. 19 executes a servo
filter program that is illustrated by the flow diagram in
FIG. 22 to which reference should now be made. In
FI1G. 22 at block 376 the CPU and memory 52 calls the
velocity filter into play and the motor position or shaft
position that is determined by the shaft encoder 333 is
read at block 377. The unfiltered velocity is determined
at block 374 based upon the degree of rotation of the
shaft encoder between reading times and the time be-
tween readings. The CPU and memory 32 as does most
MmiCroprocessors, operates on a cycle time basis so these
periodic readings can be performed every n cycles
where n 1s a positive number that can be from 1 to
affinity. At block 375, the filtered velocity is obtained
by summing the previously filtered velocity times a
constant K1 with the unfiltered velocity times a con-
stant K2. The sum will equal the filtered velocity.

K1 and K2 have the limitation of the summation of
which must be equal to 1 and are determined by expert-
mentally adjusting the value of the ratio of K1/K2
based on the dynamic performance of the servo system
especially at low or slow velocities when the data from
the shaft encoder 333 is changing at a very slow rate.
For example in the embodiment of F1G. 19 it is possible
for the shaft to be rotating at one quarter of an incre-
ment per sample period that is performed by the CPU
and memory $2. The velocity without filtering 1s O
degrees per sample, for three samples and 1 degree per
sample, for the fourth sample. This of course will cause
the servo system to lunge every fourth sample and thus
possibly damage any delicate material being handled by
the mobile apparatus 21. The selecting of the constant
K1 and K2 and utilization of the velocity filter will
eliminate the problem by smoothing out the velocity

over all four samples.

Before returning to FIG. 22 at block 376, it should be

noted that the input and output of digital servo systems

is quantized. In the example of FIG. 19, the incremental
shaft encoder 333 has a quantization of +-one count.
There are thus a maximum and a mimimum value al-
lowed for velocity. This information is determined by
the resolution of the shaft encoder. Thus at block 376
the filtered velocity is bounded by the minimum and
maximum velocity based on the quantization of the

shaft encoder 333.

PROCEDURE FOR SELECTING OF THE
CONSTANTS K1 AND K2

Set the ratio of K1 to K2 equal to a constant such as

1 and increase the value if the servo system twitches or

decreases the value of the ratio if the servo system is
unstable and oscillatory.

APPARATUS BRAKING SYSTEM

In FIG. 23 to which reference should be made there
is shown a simplified diagram of a steering servo control
system incorporating the embodiments of the invention.
Power is provided from a power source 381 to a power
controller which contirols the power that is applied to

the servo amplifier 62 and the steering motor 64. A

flying capacitor circuit 389 applies the power from the
servo amplifier 62 to the steering motor 64 via relay



4,754,402

19

contacts 407 to 405 and 411 to 413. Additionally, power
1s applied to a capacitor 391, which is the heart of the
circuit, from the power source via relay contacts 393
and 403 and relay contact 401 to 397. In the event of loss
of power, then coil 385 will become de-energized caus-
ing contact 411 to engage contact 409 and contact 405
to engage contact 399 and similarly causing contact 397
to engage contact 415 and contact 393 to engage
contact 395, applying thereby, the charge that is stored
in capacitor 391 to the steering motor 64 uncoordinat-
ing the steering of the mobile apparatus 21. Addition-
ally, a braking command may be applied to coil 387
which will cause coil 385 to be de-energized, once again
applying the voltage stored in capacitor 391 to steering
motor 64. The application of the charge on capacitor
391 to the steering motor 64 as discussed aboved is
illustrated in FIG. 24.

FI1G. 25 shows a four wheel embodiment of the mo-
bile apparatus 21 in which wheels 23A and B are used to
steer the mobile apparatus 21 by varying the angle 417
and 418 that the wheels make with the mobile apparatus
21. Notice that in the steering mode that the angle that
1s represented by dimension line 417 is approximately
equal to the angle that is represented by dimension lines
418. In the uncoordinated mode of operation, or brak-
ing operations then the wheels 23A and 23B are driven
in the direction to oppose the motion of the mobile
apparatus 21 and consequently the angle that is repre-
sented by dimension lines 419 is uncoordinated and

.. .unrelated to the angle that is represented by dimension

- lines 420. Ideally, the angles should be equal, but in

LR N

opposite direction of the center lines 425 and 426 of the

-~ axis of the wheels 23A and 23C, and 23B and 23D.

FIG. 26 1s another embodiment of the invention in

- which there are only three wheels with the steering
- being implemented by wheels 23C and 23D. Dimension
~ lines 421 and 422 represent the coordinated steering of
- the controllable mobile apparatus 21 and in FIG. 26B
- -there is represented the braking operation in which the

- angles that are represented by dimension line 423 and

+:-424 are such to oppose the forward motion of the con-
-+-trollable mobile apparatus 21.

A WIRELESS COMMUNICATION SYSTEM

In FIG. 27 to which reference should now be made,
there is shown a block diagram of the communication
and navigatton systems according to the invention. As
in the case of FIG. 1, a terminal 17 is provided so that
an operator may communicate with the control and
navigation circuit 15 that include as discussed earlier,
the command circuits necessary to generate command
signals for communicating of commands to the mobile
apparatus 21. The command signals communicate via a
fixed command pod 19A which transmits through
blinking lights to the mobile apparatus 21 and in particu-
lar to the mobile combined communication and naviga-
tion pod 19B which is contained within each beacon 3,
S and 7 of FIG. 1.

The mobile combined communication and navigation

pod 19B converts the blinking lights into digital data

that is applied to a modern controller 19C which de-
modulates the data for application to the CPU and
memory $2. The navigation circuits then work as was
previously discussed in conjunction with FIGS. 18
through 22. In the embodiment of FIGS. 27, data is
additionally modulated by the modem controller 19C
for communicating to the operator via the mobile com-
bined communication and navigation pod 19D and a
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fixed communication pod 19A where the control and
navigation circuit 15 includes a modem controller not
shown, however it is identical to that illustrated at 19C
for demodulating of the data.

FIG. 28 to which reference should now be made, is a
waveform diagram of the transmission between the
mobile apparatus 21 and the control and navigation
circuit 15 via the fixed communication pod 19A which
in the embodiment shown is mounted next to the TV
camera 1. The navigation beacon controls are designed
to blink as 1s illustrated in waveform 433 at blink points
434 and 435. The data from the modem controller 19C
1s Ulustrated by waveform 440 where FSK modulated
data is provided in burst at points 436, 437 and 438. The
actual transmission of data is illustrated by waveform
439 and can be visually preceived as waveform 440
being combined with waveform 433 to obtain wave-
form 439 that includes the FSK modulated data at areas
442, 443 and 445 which is transmitted via the mobile
combined communication pod 19B. Additionally,
waveform 441 provides in the form of an illustration the

~ reception of data as it is transmitted to the mobile appa-
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ratus 21 from the fixed comunication pod 19A in which
the navigation beacon controls as illustrated by wave-
form 433 are not required and thus not a part of the data
that is transmitted from the base station.

NAVIGATION PODS

FIG. 29 is a top view of the mobile combined com-
munication and navigation pod 19B which are mounted
on top of each of the beacons 3, 5 and 7 of FIG. 1. A
plurality of light emitting diodes 447 are arranged in a
parabolic shape for providing a concentration of light
which in the embodiment shown is in the infrared re-
gion for transmitting communications and position in-
formation to a receiving station. Additionally mounted
on the rim of the communication and navigation pod
19B 1s a light receiving diode 449.

FIG. 30 is a sectional view of the communication and
navigation pod 19B as seen from section lines 31 and
illustrates the parabolic shape 450 of the arrangement of
the light emitting diodes 447 that are used to transmit
both the data and beacon positioning from the mobile
apparatus and just the data from the base station as is
illustrated in waveforms 439 and 441 respectively.

PREDICTING TRACKING CAMERAS FOR
FREE ROAMING ROBOTS

FIG. 31 illustrates a plan view of a factory floor or
manufacturing environment in which four camera
zones, a first camera zone 451, a second camera zone
453, a third camera zone 452 and a fourth camera zone
454, are illustrated which represents the viewing cam-
eras of selected members of the plurality of cameras 1 of
FIG. 1. Dashed line 461 represents a possible path for
the mobile apparatus 21 which begins in the first camera
zone 431 and ends in the third camera zone 452. As long
as the mobile apparatus 21 remains in zone 1, navigation
contact is maintained by the overhead camera whose
viewing angle coincides with the first camera zone 451.
For some period of time after the mobile apparatus
leaves the viewing angle or the first camera zone 451,
the mobile apparatus 21 will not be visible to any cam-
era. This blind zone is illustrated as area 463. Sometime
later, the mobile apparatus 21 in the embodiment of
F1G. 31 will enter the third camera zone 452 and a
normal navigation control will be established as was
discussed in conjunction with in FIGS. 18 through 22.
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However, for the period of time when navigation

contact is lost in blind area 463, there is uncertainty

about the precise location of the mobile apparatus 21
and about the direction in which it is heading. In FIG.
31 the mobile apparatus 21 makes a sharp turn as indi-
cated by dotted line 461 but it may actually make a
number of turns during this time as illustrated by dashed
line 456 in F1G. 32 |

As the mobile apparatus 21 navigates in position and

heading in the visible zones 451, 452, 453, or 454, that

information is acquired and stored within the memory
portion of the navigation CPU and memory 37a of FIG.
2. When the controllable mobile apparatus moves out of
the zone of visibility, a radius of uncertainty is estab-
lished around the stored position. This radius is propor-

apparatus 21 can achieve travelling at its maximum
velocity. The area enclosed by the circles drawn around
this radius of uncertainty such as illustrated at 455 is
compared with the zone of visibility of each of the
effected cameras whose zone of visibility corresponds
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If all the members of the plurality of cameras 1 have
been searched, then the rings of uncertainty 455 are
incremented at block 479 and the mobile apparatus 21 is
labeled invisible at block 480 and then the routine pro-
ceeds to the end of the subroutine via tie point P4.

Tie point P3 which 1s the “no” route taken after a
decision is made at block 458 provides for linearly scan-
ning each camera zone of the plurality of cameras 1

-~ once in search of the mobile apparatus 21 at block 481.

Then at block 483, a query is made, “was the mobile
apparatus 21 or robot located?”. If the answer is no,
then tie point PS§ ties back into labeling the mobile appa-

- ratus 21 invisible at block 480. Block 485, which is taken

15
tinal to and at least equal to the distance that the mobile

20

to the third camera zone 452 and the second camera

zone 453. If there is an overlap between the two areas,
then it is judged possible that the mobile 21 apparatus
has entered the camera zone such as at area 465. If this
is the case, then the vision interface module 31 selects
the input from that camera and analyzes the visual infor-
mation in search for the image of the mobile apparatus
21.

In the situation where there 1s no overlap between the

... ~camera zones of visibility such as at area 463 then the
- region of uncertainty surrounds the last known mobile

apparatus’s 21 position. The uncertainty radius 1s peri-
odically incremented over time to keep it accurately
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representative of the mobile apparatus 21 escape dis-

tance until the radius has grown {0 equal the maximum
diameter of the factory. The efficiency of the scanning

is reduced to a minimum since no cameras will then be -

excluded from consideration. However, for short lapses
of visibility which makes up the vast majority of the
case In a typical factory the procedure illustrated in

- FIG. 33 results in a significant savings in time.

The navigation CPU and memory 37a in implement- .

ing the illustrations of FIGS. 31 and 32 utilizes the
procedures shown by the flow diagram illustrated in
- FIG. 33 in which at the start position 457 the position
algorithm is implemented and at a decision block 458,
the mobile apparatus’s 21 position is determined to be
previously defined or not. If it is not, then tie point P3
is taken. If it has been, then the first camera is selected
by setting “n” the camera number, equal to 1 at block
467. A decision is then made at block 469 to ascertain if
the selected camera’s zone of view overlaps the blind
area or “region of uncertainty”. If it does not then a
jump is made to block 475. However, if the selected

camera’s zone of view does overlap then the position

subroutine proceeds to block 471. The selected camera
zone is searched for the mobile apparatus 21 and then at
block 473 a decision is made whether or not the mobile
apparatus 21 is located. If the mobile apparatus 21 was
located in the selected camera zone of view, then the
position subroutine proceeds to tie point P2. If not, then
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at decision block 47§, a decision is made as to whether

or not all of the cameras have been searched. In the
adverse case, then the navigation CPU and memory 37a
proceeds to increment “n” to the next camera zone at
477 and tie poit P1 ties back into the input to block 469.
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if the mobile apparatus 21 is located either at block 483
or at block 473, labels the mobile apparatus 21 as being
visible and the zone of uncertainty 455 is reduced to

~ zero at block 487. The proper camera zone and the

mobile apparatus’s 21 position is identified at decision
block 489 and the subroutine ends at block 491.

NETWORK FOR THE CONTROL OF A MOBILE
' ROBOT SYSTEM -

In FIG. 1, there is shown a mobile apparatus system
for controlling a single mobile apparatus 21. However,
in many practical applications, there are more than one
mobile apparatus 21 in a single factory environment.

FI1G. 34 illustrates the operation of a computer net-
work for control of a mobile apparatus system in which
there are more than one mobile apparatus 21 operating.
In FIG. 34, the terminal 17 interfaces with the control
and navigation circuit 15.

In particular, the terminal 17 interfaces to an operator
interface controller 501 which communicates to a com-
munication processor §17. Also in communication with
the communication processor 517 is a factory controller

- 503, a planner scheduler 505 and a navigation controller

507. Because the mobile apparatuses 21 are battery
powered periodically they need to report in to a battery
station for recharging. Therefore, there can be a battery
station controiler 515 within the host CPU and memory

- 37. Communications from the communication proces-

sor 517 communicate with the controllers that are
stored within each mobile apparatus 21 and in particular

in the CPU and memory 52. Therefore, there is a first

mobile apparatus 509, a second mobile apparatus con-
troller 511 and an nth. mobile apparatus controller §13.

FIG. 35 15 a flow diagram of the operator interface
501 in which at start position 1515 the operator inter-
face waits and continuously monitors for any messages
being received at 1517. If a message has been received,
then the message is processed and an update of the
system status 1s implemented at block 519. If no mes-
sages have been received from the communication pro-

“cessor at block 517, then a check is made to see if any

keyboard commands have been received at block 521. If
no keyboard messages have been received, then the
update of the display that is on the terminal 17 1s imple-
mented at block 523. If a keyboard input has been re-
ceived, then that information 1s processed at block 325
and the operator interface controllers proceeds then to
block 523 for updating of the display on terminal 17. At
block 527 the operator interface controller returns to
the start position 1515 where it monitors to see if any
new status messages have arrived at block 1517.

FIG. 36 1s the logic necessary to implement the com-
munication processor program that is stored within the
navigation CPU and memory 37a. At the start block 529
the communication processor 517 is at rest and inputs a
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message at block 531. If the message has multipled desti-
nations, then at block 533 this will be determined and
the communication processor 517 will proceed to block
5335 to transmit the messages to all the requested output
queues or in the case where the message has only a
single destination then the message is placed in the ap-
propriate queue at block 537 and then the outgoing
messages are transmitted at block 539. The communica-
tion logic then returns to the start position at block 529
to input a message.

The navigation logic 507 is implemented in FIG. 37.
The mobile apparatus 21 uses an onboard dead reckon-
Ing circuit to provide its navigation. However, periodi-
cally its absolute position is provided so that any dis-
crepancies between the dead reckoning position and the
actual position may be compensated for. this process is
implemented in FIG. 37 where at block 543 the naviga-
tion controller 507 is at the start position and it imple-
ments the search routine to recognize and locate a mo-
bile apparatus at block 545. Once the mobile apparatus
21 has been located, then at block 547 its position is
transmitted to the mobile apparatus 21 and the naviga-
tion controller 507 returns to the start position at block

- 543

FIG. 38 is the block diagram of the factory controller
logic in which the factory control computer 503 is at

. rest at block 551. Decision block 553 ascertains if any

incoming material has arrived. If so, then a command is
generated and transmitted to the planner scheduler 505

-+ t0 transport the material to a first processing station and

- a work order is generated at block 555. The factory
.-..controller monitors whether or not a mobile apparatus

- mawa

-..-21 has arrived at block 557 at a designated station re-
‘gardless if any material is expected to arrive at block

993 or if the work order has been processed at block
- 558. If a mobile apparatus 21 has arrived at a station,
.. then at decision block 557, the station in which the
-- mobile apparatus 21 has arrived is signaled to begin
= processing at block 559. If not, or the processing has
.. begun at block 559, the factory controller ascertains if 40

.x-any stations have indicated that their process is com-

plete at block §61. If the process is complete, then the

" ".planner scheduler 505 is commanded to tranport the

partially finished material to the next sequential process-
ing station or transport the fully finished material to the
output dock where the work order is then completed at
block 563 and the factory controller at block 565 re-
turns to the start position 551. If the process is not com-
plete the factory controller takes the “no” route to
block 565 from block 561.

A flow diagram for the planner scheduler 505 is pro-
vided in FIG. 39 in which at the start position 567 the
planner scheduler 505 proceeds to check for any new
work orders being received at decision block 569. If no
new work order has been received, then the planner

scheduler 505 ascertains if any robots or mobile appara-

tuses 21 are available at block 571. If a new work order
18 in the queue, then that work order is entered at block

-573. The planner scheduler 505 then assigns additional

work orders to the mobile apparatus 21 which can best
do the work at block 575 and the work plans are trans-
mitted to the mobile apparatus 21 at block 576 after
which the planner scheduler 505 then returns to the
start position at block 577. The planner scheduler 505
continues to monitor for work orders or the availability
of mobile apparatuses 21 as indicated by path 579.
FIG. 40 is the logic for the battery station controller
515 in which at block 579 the battery station controller
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515 1s at initial position and it monitors the batteries
currently being recharged at block 581. At decision
block 383, it ascertains if any new commands have been
recetved and if so, then at block 585, it processes a new
command to have the batteries removed, inserted, re-

charged, etc. and returns to the start position at block
587.

CONTROLLER FOR A MOBILE ROBOT
SYSTEM

As was discussed in conjunction with FIG. 34, the
planner scheduler 505 schedules the movement of the
plurality of mobile apparatuses 509, 511-513. The sys-
tem that 1s illustrated in F1G. 34 must coordinate to-
gether so as to minimize activities and distance traveled.

The planner scheduler 505 is implemented by the
apparatus illustrated in FIG. 1 and includes a software
program that is contained within the host CPU and

- memory 37. In FIG. 41A there are six possible requests
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that the planner scheduler 505 may implement when
instructed to do so. These requests include, start up
(block 601), material transfer (block 603), battery
change (block 605), parking (block 607), location trans-
fer (block 609), and transfer from system (block 611).
The planner scheduler 505 continuously cycles from the
start block 600 through the six blocks looking for re-
quests to implement.

Beginning with the rest or start position 600 the plan-
ner scheduler S05 initiates a process in which at the first
decision block 601 the planner scheduler 505 ascertains
if there is a request for a start up of a mobile apparatus
21 such as a robot. If there is a request or a “yes” answer
then subroutine A is taken on FIG. 41B and if there is
not a request for a mobile apparatus 21 start up or a
“no’” answer then the planner scheduler 505 proceeds to
the next decision block at 603.

Decision block 603 ascertains if a request for material
transfer has been received. If a request has been re-
ceived, then the *“yes” line is taken and the planner
scheduler 505 proceeds to tie point B located on FIG.
41C. In the event no request has been received, then the
no line is taken and the planner scheduler 505 proceeds
to block 605 which ascertains if a request for battery
change has been received. If a request for a battery
change has been received, then the yes line is taken and
the subroutine C indicated in FIG. 41D is implemented
or if the no line is taken (no request), the planner sched-
uler 505 proceeds to decision block 607.

Decision block 607 ascertains if a request to transfer
the mobile apparatus 21 to a parking location has been
recetved. Of course if it has, the “yes” path taken and
the subroutine D illustrated in FIG. 41F is implemented
and if not the “no” path is taken and the planner sched-
uler 505 proceeds to decision block 609. At decision
block 609 the planner scheduler 505 ascertains if a re-
quest has been received to transfer the mobile apparatus
21 to another factory location. If “yes”, then the sub-

routine at tie point E is implemented on FIG. 41F. If

“no”, the planner scheduler 505 proceeds to decision
block 611.

‘The mobile apparatus 21 may be removed from the
manufacturing environment at decision block 611
where a decision is made if there has been a request to
remove the mobile apparatus 21 from the floor of the
manufacturing facility. If “no”, then the planner sched-
uler 505 cycles back to the start position 600. If “yes”

the planner scheduler 505 proceeds to tie point F imple-
mented on FIG. 41G.
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It can be seen that this program can include a plural-

ity of multiple requests that the planner scheduler 505
can implement by stringing together the decision blocks
and then implementing the routines to execute those
decisions.

At tie point A in FIG. 41B, the planner scheduler 505.

initiates communications with the mobile apparatus 21
at block 613. This communication, of course, is con-

ducted by the communication processor 517 of FIG. 34.

If the addressed mobile apparatus 21 fails to respond,
then at decision block 615 a decision is made to go back
to the start position 613 meaning there 1s no response
and to reinitiate the communications with the mobile

apparatus 21. After a certain number of tries at block 64

then the planner scheduler 505 wil return to the start
position at block 600 to verify if another request has
been received. If the mobile apparatus 21 responds, then
at block 617 the navigation CPU and memory 37A is
commanded to begin to track the controllable mobile
apparatus 21. A determination is made of the location
upon the floor of the facility in which the controllable
mobile apparatus 21 is used at block 619 and then at
block 621 the controllable mobile apparatus 21 is moved

to the closest available destination point. At the comple- 55

tion of block 621, the planner scheduler 505 returns to
block 603 for the next decision.

At block 603 a decision is made to ascertain if a re-
quest for a material transfer has been received. If it has,
then the planner scheduler S05 implements the material
transfer subroutine via tie point B. In FI1G. 41C, the
subroutine implemented at tie pomnt B includes an at-
tempt to schedule a material transfer at block 623. If the
planner scheduler 505 ascertains that it is not possible to

attempt a transfer, then the planner scheduler 505 re-

turns to block 608 and proceeds through the loop that is
illustrated in FIG. 41A. If a material transfer is possible,
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The mobile appératus 21 navigates through the manu-
facturing facility according to the path information at
block 641. The planner scheduler 505 notifies the bat-

tery changing apparatus at block 643 that the mobile

apparatus 21 has reached its final destination. The bat-
tery is then changed at block 645 and the planner sched-

‘uler 505 returns to block 607 and proceeds through the

loop that is illustrated in FIG. 41A. The subroutine that
is connected to the tie point D 1s illustrated in FIG. 41E
to which reference should now be made. It implements
the parking of the controllable mobile apparatus 21.
Block 647 ascertains if there are any parking places
available for use. If not, then the subroutine returns to
block 609 in FIG. 41A. If there is, then a path 1s gener-
ated at block 649 and the mobile apparatus 21 is moved
through the manufacturing facility to the parking space

- at block 651 after which the subroutine returns to block

609 in FIG. 41A. FIG. 41F illustrates a subroutine that
implements a request to send a mobile apparatus 21 to
another location within the manufacturing facility. If
this route is taken, then as shown in FIG. 41F, a deci-
sion 18 made to ascertain if a destination is available for
use at decision block 653. If it is not, the subroutine

- returns to block 611 in FIG. 41A. If it is, a path is gener-

ated at block 655 and the mobile apparatus 21 1s in-
structed to move there and provide the notification of

~ 1ts completion of the move at block 637.

30

Subroutine F exits the mobile apparatus 21 from the

manufacturing facility. It must be determined as shown
at decision block 659 of FIG. 41G if the exit i1s available.

- If it is not available, the subroutine returns to block 601

35

then a path is generated through the factory for the -

. controllable mobile apparatus 21 to flow at block 625.
.. The mobile apparatus 21 is instructed to move through

... the manufacturing facility at block 627, according to the
... path information that is provided by the planner sched-
- uler 505 and will do so according to its navigation gen-

eration program including its dead reckoning program

that was discussed in conjunction with FIGS, 18
through 22. Upon reaching its final destination, the
factory controller 503 and the operator interface con-

troller 501 are notified by the planner scheduler 508 that
the mobile apparatus 21 has reached its final position at

block 629. |
A decision is made at block 631 to ascertain if the
material transfer mechanism is on board the mobile
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apparatus 21. If 1t is, then the material is transferred at -

block 633. If not, at block 635 the unit waits for the
material transfer to complete after which the subroutine
1s finished and the process returns to tie point B until all
the material has been transferred after which it returns
to the block 605 of FIG. 41A.

Tie point C 1s implemented in FIG. 41D, and it 1s only
used when there is a battery changing apparatus avail-
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in FIG. 41A. If it is, then a path is generated at block
661 and the mobile apparatus 21 1s instructed to move
and notify the planner scheduler 505 of the completion

of this move at block 663.

COORDINATING THE INTERACTION OF
MULTIPLE ROBOTS

FI1G. 42 to which reference should now be made isa
schematic floor plan of a manufacturing facility 700.
Points 701 through 708 are possible destination points
for the mobile apparatus 21 and hereinafter will be re-

ferred to as nodes. Lines 709 through 716 are permissi-

ble path segments between the nodes 701 through 708
along which the controllable mobile apparatus 21 may
travel in the direction indicated by the arrows. All other
regions of the manufacturing facility 700 are off limits to
the controllable mobile apparatus 21. Boxes 717
through 720 are locations within the manufacturing -
facility 700 where the mobile apparatus 21 will perform
a service. The mobile apparatus 21 may travel from one
location to another location provided a set of continu-
ous path segments exist between the two locations.
When multiple mobile apparatuses 21 are allowed to
travel along the path, each mobile apparatus’s 21 arrival -
at a node 701 through 708 must be coordinated in time
with the arrival and departure of other mobile appara-
tus 21 to avoid deadlocks and collisions. To coordinate

~ the mobile apparatuses’ 21 travel through the manufac-

able and includes a decision block 637 to ascertain that

a battery changer is available and if s0, it is available for

use. If the battery changer is unavailable, then the plan-

ner scheduler 305 returns to block 607 and proceeds
through the loop that is illustrated in FIG. 41A. If it is,
then the planner scheduler 505 at block 639 generates a
path through the manufacturing facility for the mobile
apparatus 21 to follow. |
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turing facility 700, a set of rules which control the ar-
rival and departure of the mobile apparatus 21 at each
node along a defined path are generated. In the event
multiple mobile apparatuses 21 must visit the same
node, then these rules determine which mobile appara-
tus 21 is allowed to visit the node first. Once a set of
rules i1s generated, then these rules are followed until a
mobile apparatus 21 visits a node which will not be
occupied by another mobile apparatus 21.
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FIGS. 43 through 48 are used to illustrate the cre-
ation of rules which control the arrival and departure of
the mobile apparatuses 21. FIGS. 43, 45 and 47 show
the path of the mobile apparatus 21 which in the case of
the figures are apparatuses R1, R2 and R3 and FIGS.
44, 46 and 48 show the nodes where the apparatuses R1,
R2 and R3 will be for a specific time interval.

Referring to FIG. 43 is a set of path segments for a

plurality of mobile apparatuses 21 designated R1, R2
and R3 to follow through a typical manufacturing facil-
ity 700. Point 721 through 728 are destination nodes and
lines 729 through 736 are permissible path segments
between the nodes. In FIG. 43 only the path 737 for the
mobile apparatus 21 that is designated as R1 has been
generated. The mobile apparatus 21 will start moving
from node 721, will pass through node 723, 724, and 726
and then stop at node 727. The nodal position of the
mobile apparatus 21 that is designated R1 for each of
the six time intervals is indicated in FIG. 44.

In FIG. 44 the rules that control the movements of
the mobile apparatuses R1, R2 and R3 are defined.
Because the apparatus designated R1 for apparatus 1
will not visit any node where another mobile apparatus
21 will visit, there are no rules set for the path at this
time. In FIG. 43, however, as in the embodiment of
FIGS. 45 and 47 the apparatus R1’s first node is 721 and
its last node is 727.

In FIGS. 435 and 46 the mobile apparatus 21 as desig-
 nated Robot 1 or R1 is at the node 721 and it is to travel

- —to 727. The path nodes that it will traverse on this route

““to node 727 includes the starting node 721 and nodes

-~ 723, 724, 726 and 727. Additionally, in the embodiment

"~ of FIG. 45, the second mobile apparatus 21 that 1s desig-
- nated R2 1s at a starting node 722 and its last node is

node 728 and it is to travel the path 738. This path

includes the nodes 722, 723, 724, 726 and 728.

b N

In FIG. 46, the nodal positions are illustrated with

““respect to time for both mobile apparatuses 21 that are
~designated R1 and R2 respectfully. FIG. 46 also pro-

| _ vides the rules that coordinate each apparatus’s R1 aNd

R2 vistt to the nodes in the manufacturing facility 700.
~As was shown in FIG. 43, the mobile apparatus 21 that
1s designated R1 has already selected a path through
nodes 723, 724 and 726. Therefore, the second mobile
apparatus 21 as designated R2 has to move from node
722 to node 728. A path is generated without changing
the path for R1.

During the first time interval R2 will attempt to move
to node 723. However, R1 has priority on the occupa-
tion of node 723 and will move there during the second
time interval. Therefore, the rules are that R1 must
arrive at node 723 before R2 and R2 must arrive after
R1. During the second time interval, R2 must wait
before moving to node 723. R2 can occupy node 723 in
the third time interval. Because R2 must arrive at node
723 after R1, the rules for R2 change to arrive after
departing of R1. The rules for R1 also change to arrive
before the arrival of R2. Because the rules have now
been set, they are applied to nodes 724 and 726. How-
ever, there are no conflicts between R1 and R2 at nodes
727 and 728 thus the rules no longer apply.

FIGS. 47 and 48 illustrate the paths for a third mobile
apparatus 21 or R3 with the previous paths for the
controllable mobile apparatuses 21 that are designated
R1 and R2. R3 will move from node 728 along path 739
and pass through nodes 726, 725 and 723, stopping fi-
nally at node 722. Nodes 726 and 723 are common to all
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three mobile apparatuses 21 that are designated in FIG.
47 as R1, R2 and R3.

F1G. 48 shows the nodal positions with respect to
time for all three mobile apparatus’s 21. In FIG. 48 the
rules which coordinate each apparatus 21 visits to the
nodeds in the manufacturing facility are illustrated. As
shown in FIG. 46, R1 and R2 have already selected a
path through nodes 723 and 726, therefore, for R3 to
move from node 728 to node 722 a new path is gener-
ated without changing the previous paths for R1 and
R2.

R3 will first move to node 726. In view of the fact
that neither R1 nor R2 occupy node 726 during the
second time interval R3 will be allowed to occupy node
726. R3 will arrive at node 726 before the other mobile
apparatuses 21 and therefore the rules for R3 are de-
fined as arrival before R1. The rules, of course, for R1
and R2 will not change.

The third time interval will be the same for R3 to
move to node 724 or node 725. The earliest possible
time that R3 can occupy node 724 is at the fifth time
interval due to the prior establishment of paths that
were discussed in conjunction with FIGS. 45 and 46.
R3 must arrive at node 724 after R1. The rules further

5 state that R2 must arrive at all nodes before R1, there-

30

35

45

>0

35

65

fore, the rules will be violated for R3 to move to node
724. Because neither R1 nor R2 will occupy node 725 at
any time, R3 can occupy node 725 during the third time
interval,

When one of the plurality of mobile apparatuses 21
that are in the example of FIG. 47 designated R1, R2 or
R3 visit a node that will not be occupied by another
mobile apparatus 21, the rules for the mobile apparatus
21 are reset, therefore R3 has no rules to control its
movement to node 725. R3 then will move to node 723
at the fourth time interval. R3 will arrive at node 723
after R1 and R2 have departed and therefore the rule
for R3 is to arrive after the departure of R2. Because the
rules based upon each move of a mobile apparatus 21,
no mobile apparatus 21 will occupy a node at the same
time that a second mobile apparatus 21 is destined to
occupy the node.

F1GS. 49 provide a flow diagram for implementing
the coordination of a multiple apparatus system in a
manufacturing facility as was discussed in conjunction
with FIGS. 42-48. In particular, in FIG. 49A the start
position 1s at point 750. Leaving point 750 there is a first
decision block, block 751, which decides if there are
more nodes connected by a path segment to the current
node. If the answer is “no”, then tie point H is used and
connects over to FIG. 49C. If the answer is “yes”, the
planar scheduler 505 will retrieve the next node con-
nected to the path segment at block 755 and at block 753
will compute the arrival and departure time at the next
node. The program then proceeds to block 757 where
the arrival time at the next node is compared to deter-
mine 1f 1t 1s greater than the lowest travel time to the
final destmation. If the answer is “no” tie point C is
taken to FIG. 49B, if the answer is “yes”, then tie point
H is taken to FIG. 49C.

Following the “no” path and proceeding to FIG. 49B
at decision block 758 a query ascertains, “Will the cur-
rent apparatus 21 arrive at the next node after another
mobile apparatus 21 departs from the node?”. If the
answer 1s “no”, then tie point D is taking to FIG. 49C at
the start of block 763. If the answer is “yes” then the
next step in the sequence is, “According to the prede-
fined rules should the current mobile apparatus 21 ar-
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rive at the next node before the other mobile apparatus
21 arrives at that node (block 759)?”. If the answer is
“yes”, then tie point H which is located on FIG. 49G is
taken. However, taking the “no” path, then at block 761
the visit rules for the next nodes are generated. The
rules state that the current mobile apparatus 21 must

arrive at the next node after the other mobile apparatus

21 departs from that node, then proceeding to tie point
F which is located on FIG. 49E. However, FIG. 49C is
the D path that is taken from block 758 and will be
discussed at this time.

10

At the first decision block, (bldck 763) a query ascer-

tains, “Will the current mobile apparatus arrive at the
next node before the other mobile apparatus departs
from that node?”. If the answer is “no”, then the path
via tie point E is taken which goes to FIG. 49D. If the
answer is “yes”, then the planner scheduler 505 pro-
ceeds to block 765 which makes a decision. “According
to the rules should the current mobile apparatus arrive
at the next node after the other mobile apparatus de-

parts that node?”. The “yes” path will increase the
current arrival time at block 767 and then proceeds to

tie point B which is prior to block 757 on FIG. 49A. If
the answer is “no”, then the decision is made. “Is the
other mobile apparatus currently located at the next
node?”, at decision block 769. The “yes’ path will result
in the program jumping to implement the blocks that
follow the path H that is illustrated in FIG. 49G. If the
answer is “no”, then the planner scheduler 505 will
generate the visit rules for the next node at block 781.

The rules state at block 781 that the current mobile
apparatus must arrive at the next node before the other
mobile apparatus departs that node and then the pro-
gram proceeds to subroutine F which is located in FIG.
49E.

The E subroutine or E path from block 763 is illus-
trated in F1G. 49D and after it has been determined that
the current mobile apparatus will not arrive at the node
before another mobile apparatus departs that node then
at block 783 a decision is made that according to the
rules should the current mobile apparatus arrive at the
next node before another mobile apparatus arrives at
that node. If the answer is “no”, then the current mobile
apparatus’ arrival time is incremented at block 785 and
it proceeds to tie point B which is located in FIG. 49A
just prior to decision block 757. If the answer is “yes”

then tie point H is taken which is in FIG. 49G.

After the completion of block 781 of FIG. 49C, the

planner scheduler 505 takes path F which is illustrated
in FIG. 49E and has a first decision block at 787 which
ascertains whether all the mobile apparatuses have been
checked for conflicts at the next node. If the answser is
“no”, then path C is taken which 1s illustrated in FIG.
49B and will continue the generation of rules for resolv-
ing of conflicts. If the answer is “yes”, then the planner
scheduler 505 will proceed to block 788 which deter-
mines if any mobile apparatus will visit the next node. If
the answer is “no”’, then the rules for the current mobile
apparatus at the next node are reset. If the answer is
“yes”’, then the program proceeds to path B which is
illustrated in FIG. 49A. | -

However, taking the “no’’ path, the rules are reset for
the next node at block 789 and then at block 790 all the
node visit parameters are saved which were generated
for the next node and then the next node is now the
current node at block 791.

The program then proceeds to tie point G which is

illustrated i FIG. 49F which at block 792 makes a
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decision, “Is the next node the final destination for the
mobile apparatus?”’. If the answer 1s “no”, the program
proceeds to the start of block 751 that 1s 1llustrated on
FIG. 49A. If the answer is “yes”, “Is the current arrival
time the lowest arrival time?” is then asked at block 793.

If the answer 1s “no”, the program proceeds to block H,
which is illustrated in FIG. 49G. If the answer is “yes”,

then all the parameters are saved for the node which is
being visited and for all the nodes in the current path at
block 794. The planner scheduier 505 proceeds to tie
point H which 1s illustrated in FIG. 49G.

FI1G. 49G makes a decision at block 795. “Are any
more path assignments defined for the current node?”’.
If the answer 1s “no”, then the program proceeds to tie
point A on FIG. 49A which is essentially the start posi-
tion. If the answer is “yes”, then it proceeds to block
797 where it implements a step of backing up one node
in the current path. At decision block 799 a decision is
made, “Is this node the first node in the path?”’. If the
answer is “yes”, then it proceeds to step 800. If the
answer 18 “no”, then it proceeds to tie point A which is
prior to block 751, FIG. 49A.

Taking the “yes” path from block 799 to block 800
which questions, “Was a possible path ideniified for the
mobile apparatus 21 to follow?”, the yes path will cause
the unit to proceed to block 801. If the answer is “no”,

~ the no path will cause the system to exit at block 803.
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“All the node visit parameters which were saved into the

final path table are copied at block 801 and after which
the commands are generated to direct the mobile appa-

_ ratus 21 to move along the final path.
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CONTROLLING MOVEMENTS OF ROBOTS IN
A MULTI-NODE ENVIRONMENT

As was discussed in conjunction with FIG. 34, the
planner scheduler 505 is responsible for generating

move commands to the individual apparatuses 509

through 513, however many are being used in the manu-
facturing facility 700. The communication processor
517 is responsible for sending move commands to the .
mobile apparatuses 21 over the wireless communication

system 19 of FIG. 1. Each CPU and memory 32 that is

contained within each controllable mobile apparatus 21
is responsible for executing the move commands.

As was discussed in conjunction with FIG. 42 which
is a schematic of a typical manufacturing floor plan,
nodes 701 through 708 are possible destination points
for the mobile apparatus 21 along paths 709 through
716. The arrows on the lines indicate the possible direc-
tions of travel for the mobile apparatus 21. All other
regions of the manufacturing facility 700 are designated
as being off limits. To move a mobile apparatus 21
through the manufacturing facility 700 the planner
scheduler 505 must first allocate nodes from a previ-
ously generated path to a mobile apparatus 21 and then
command the mobile apparatus 21 to move to the nodes.
At any one time the mobile apparatus 21 may be moved
into a node and have several subsequent move com-
mands buffered in its memory that is a part of CPU and
memory 52. As a mobile apparatus 21 moves from node
to node, the mobile apparatus 21 informs the planner
scheduler 505 of each node it has passed. When the
planner scheduler 505 has been informed that a node has
been passed, the node is then deallocated and becomes
available for other mobile apparatus 21.

FIGS. 50 illustrate the implementation of the above
discussed process and FIG. S0A is a flow diagram of the
transimission of instructions and comimands between
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the planner scheduler 505 and mobile apparatus 21. The
process begins at block 808. Decision block 806 ascer-
tains if the mobile apparatus 21 has arrived at the final
destination node. If it has then the exit is taken at block

-809. If it hasn’t then the planner scheduler 505 proceeds

to block 807 where a decision is made that determines if
the maximum number of nodes are already allocated to

the mobile apparatus 21.
If the maximum number of nodes has been allocated,

then path A 1s taken to FIG. 50B which at block 815
waits for the mobile apparatus 21 to complete the next
move. The systemn at block 817 deallocates all nodes
which the mobile apparatus 21 has passed and returns
via tie point 819 to FIG. S0A.

At block 808 of FIG. S0A the query, “Can the next
node be allocated to the mobile apparatus 21?” is asked.
If the answer 1s “no” then tie point B is taken to FIG.
S0C where at block 818 the system waits for the node to
be deallocated by another mobile apparatus. At the
completion of the step at block 818 the system returns to
FI1G. S0A via tie point 821.

At block 811 the mobile apparatus’s 21 trajectory for
the next segment is determined as is illustrated in FIG.
42. Then at block 813 the move command is transmitted
to the mobile apparatus 21 to be executed. This process
continues until the mobile apparatus 21 arrives at the
final destination node as is defined in block 806.

THE MOBILE ROBOT'S EXECUTIVE
PROGRAM

There are two major sequences that are implicated by

.. the CPU and memory 52 that is contained within each

-... mobile apparatus 21. These are the executive and con-
~ trol command structures. The executive command

structure runs continuously to provide system services

- support for communications, options and command

. .decoding and formatting of messages that are transmit-

~.ted between each mobile apparatus 21 and the commu-
.nication processor 517. The control sequence is inter-

.»--Tupt driven and is responsible for the dead reckoning,

navigation and control systems that have been previ-
.--Ously discussed. The mobile apparatus 21 movement

- through a manufacturing facility 700 utilizes all of these

systems. A command from the host CPU and memory
37 1s transmitted via the communication system 19 to
the mobile apparatus 21. The executive sequence re-
ceives and decodes these commands. For 2 move com-
mand, it is formatted and placed in the execution queue
for the control sequence to execute. The executive se-
quence then checks for a change in the state of the
mobile apparatus 21 caused by a command completion
or a change in the status of the mobile apparatus 21. If
necessary, the executive will transmit a message to the
navigation CPU and memory 37 detailing the state
change before returning to receive another command
from the host CPU and memory 37. This loop is exe-
cuted continuously.

When a timer interrupt occurs, the control program
sequence will command the steering and drive servo for
each move. It then calculates the current mobile appara-
tus 21 position using the data from the control and navi-
gation circuit 15 which was previously discussed and
performs the dead reckoning and navigation require-
ments.

Depending on its current position and state it is possi-
ble that the currently executing command has been
completed. If so, the next command in the queue is
selected for execution. The executive program notes
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this fact and builds the state change message for trans-
mission to the host CPU and memory 37. The mobile
apparatus 21 control software then becomes idle wait-
ing for the next timer interrupt. |

Referring to FIG. 51 which describes the executive
program which at block 850 is continuously monitoring
for a message being received over the communication
system 19. If no message is being received, then path
827 1s taken and if a message is being received, then the
CPU and memory 52 proceeds to block 826 where the
message 1S placed on the mobile apparatus 21 queue if
required. Options support is then provided at block 829.
Deciston block 831 decides whether or not a command
pointer has changed. If “not”, then the program pro-
ceeds to block 850. If the command pointer has changed
then the mobile apparatus 21 informs the host CPU and
memory 37 of a command completion and mobile appa-
ratus 21 position at block 833. At the completion of the
step indicated at block 833, the program returns to the
input of block 8590.

THE MOBILE ROBOT’S CONTROL PROGRAM

As was discussed previously, the control program
sequence is implemented in FIG. 52 where at block 835
each of the steering and drive servos are commanded.
The mobile apparatus 21 position is calculated at block
837, this was previously discussed, and the dead reckon-
ing commands are generated at block 839. Decision
block 841 determines if the command pointer or path
needs to be updated. If it does, then it is updated at
block 843, and if it doesn’t the control program pro-
ceeds to additional processing to build a status table for
placing and transferring to the mobile apparatus 21
executive sequence at block 845. Which, by the way, is
also implemented if there is no need to update the com-
mand position via path 847. The control program then
proceeds back to the input of block 835 via path 849.

NAVIGATION SYSTEM FOR MULTIPLE
ROBOTS

In the complex system of multiple mobile apparatuses
21 moving across the manufacturing facility as is illus-
trated in FIG. 42, the navigation CPU and memory 374
is continuously predicting the mobile apparatus that
needs a position fix. Referring to FIG. S3A, at block 851
the mobile apparatus with the greatest need for a posi-
tion fix is identified. A message is broadcast to all mo-
bile apparatus via the communication processor 517 to
turn on the proper navigation beacons and turn off all
other beacons and suspend all communications at block
853. The next step inputs all the messages from the
communication processor at block 855. A decision is
made at block 857 if the message is a navigation ac-
knowledgement. If it is not, then the message is pro-
cessed at block 859. If it 1s, then the control and vision
navigation circuit 15 acquire a video image at block 860
after which a release is transmitted to the mobile appa-
ratuses 21 to continue their infrared communications at
block 861.

The image from the selected member of the plurality
of cameras 1 is analyzed at block 863. After the analysis
of the input image from the selected camera 1S, the
navigation CPU and memory 374 proceeds via tie point
P2 to block 864 of FIG. 53B where the mobile appara-
tus’ 21 image is analyzed and ascertained if it is recog-
nized at block 864. This process has been previously
discussed in conjunction with the control and naviga-
tion circuit 15. If the answer is “no” then a decision is
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made to ascertain if all the cameras that are members of
the plurality of cameras 1 have been searched at block
865. If that answer is “no”, then a prediction is made for
the next most likely camera at block 867 and the pro-
gram proceeds to tie point P3 which is on FIG. 53A just
prior to implementing the step contained in block 853.

If all the likely cameras have been searched, then tie '

point P is takenjust prior to block 851. If the apparatus’s
image is recognized, then its position and heading is
ascertained at blocks 854 and this position is transmitted

to the mobile apparatus 21 at block 866 after which the

unit returns to the tie point P1 for the start of the pro-
cess.

THE COMMUNICATION PROCESSOR

The communication processor 517 and 1 particular

the interface is implemented in FIG. 54A should be
used in conjunction with FIGS. 1 and 34. At block 510

10

15

the communication processor 517 will start the process

and wait for a navigation request from the navigation
controller 507. The communication processor 517 en-
ters the navigation request (block 868) and broadcasts
the message into the output queue for transmission via
the wireless communication system 19 (block 869). The
communication processor 517 transmits the outgoing
message via a wireless communication system such as
an infrared system until it recognizes the navigation,
“NAV?”, request message at block 870. The communi-
cation processor 517 broadcasts the “NAV™ request to
all the mobile apparatus controllers 509 through 513
and sends a navigation acknowledgment to the naviga-
tion controller 507 and shuts off communications to all
mobile apparatus controilers at step 871. The communi-
cation processor continues to queue ail incoming mes-
sages but does not send any messages via the wireless
communication link at block 871.

At block 872 the communication processor 517 waits
for a synchronization message from the navigation con-
troller 507. The communication processor 517 in FIG.
54B then recognizes the synchronization message and

‘... enables the communication system 19 to transmit all

..........

s messages in its output queue at block 873. At block 874

the position fix message is received from the navigation
controller 507 and placed in the communication output
queue connecting to the communication system 19. The
position fix messages are transmitted to mobile appara-

tus controllers 509 through 513 at block 875 and the
program then returns to the start position at block 510.

THE MESSAGE OUTPUT PROCESS OF THE
COMMUNICATION PROCESSOR

The communication output process is illustrated in
FIG. 55 where at block 876 the output queue is stopped
from emptying its messages i.e. the output port is halted.
The message is sent to the mobile apparatus (device) at
block 877 and at block 878 the communication proces-
sor 517 waits for a navigation request. If none is re-
cetved it returns to the start of block 876. If one is re-
cetved, it halts the communication output process at
block 879 and then proceeds to the port halted block at
block 876.

THE MESSAGE INPUT PROCESS OF THE
COMMUNICATION PROCESSOR

In FIG. 56 the communication processor 517 moni-

tors it’s input queue for the receipt of messages at block

881. It ascertains whether a message is from the naviga-
tion controller 507 at block 882. If it is ““not”, it puts the
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message in the correct output queue at block 883 then
returns to block 881. If it is, it checks to see if the mes-
sage 1s a nawgatlon synchronization message at block
884. If it is not, the communication processor 517 pro-
ceeds to block 883. If it is, it restarts the mobile appara-
tus output process at biock 885 and proceeds to block

883.

COLLISION AVOIDANCE

When the mobile apparatus 21 moves along a path in
a manufacturing facility 700, a certain amount of devia-
tion due to the dead reckoning system from a com-
manded path can be expected and is tolerated. As the
plurality of mobile apparatus controllers 509 through
513 move in a system, a window is projected around the
current path of each mobile apparatus 21. FIG. 57 illus-
trates the first step in building the window around a
moblle apparatus’s 21 path. The window, between
points 891 and 887 is along the mobile apparatus’s 21
path and is used to define a straight line 893 that the
mobile apparatus’s 21 path should follow. The mobile
apparatus’s 21 allowable deviation from the straight line
893 is defined by a specified distance as indicated by
dimension line 894.

FIG. 58 illustrates the second step in building the
window around the mobile apparatus’s 21 path. The

‘distance from the straight line 893 defines the side of the

window but does not control the distance the mobile
apparatus 21 may travel from the end points of the line
893. The distance from each end point is used to com-
pletely close the window. A radius 901 of a circle 1200
formed around each end point 891 and 887 is the dis-
tance of the path segment 893 plus a constant 904 to
allow for deviations in the path of the mobile appara-
tuses 21.

In FIG. 59 the shaded area 905 is the mobile appara-
tus’s 21 window that is esablished by dimension lines
894 plus the two circles drawn around the end points
887 and 891. If the mobile apparatus’s 21 position is not
within the window, then the mobile apparatus 21 is
stopped.

- FIG. 60 illustrates a control sequence for implement-
ing this function. The system begins at block 907 and
proceeds to block 909 where 1t waits for the mobile
apparatus’ 21 most current position. At block 911, the
distance between the mobile apparatus 21 and the line
between the end points is ascertained and then a deci-
sion at block 981 is made based upon the visual position
of the mobile apparatus 21 and if that position is within
the partial window of FIG. 57.

If the mobile apparatus 21 i1s not within the partlal
window of FIG. 57, then the mobile apparatus is
stopped at block 917 and the control sequence returns
to the start positions.

If the mobile apparatus 21 1s within the partial win-
dow, then the distance between the mobile apparatus 21
and each end point 1s computed at block 913. At block
915 a decision is made to determine if the mobile appa-
ratus 21 is within the computed distance. If it is, then
line 918 is taken back to the start position.

The distance of the mobile apparatus 21 from line 893
of FIG. 57 is determined by equation 4 wherein R is
equal to the x coordinate of the mobile apparatus 21, R,
is equal to the y coordinate of the mobile apparatus 21,
P is equal to the x coordinate of the end point, P is

~ equal to the y coordinate of the end point. Vis equal to

the distance between the end points along the x axis and
Vy1s equal to the distance between the end points along
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the y axis. Equation 5 is used to calculate the radius that
1s generated around each end point. The radius is equal
to the square root of (Vx%+V,2)+the constant 904.
Both equations 4 and 5 are in the table of equations.
What is claimed is:
1. A mobile vehicle controller for controlling a mo-
bile apparatus that travels along a commanded path, the
mobile vehicle controller comprising:
navigation means for navigating the mobile apparatus
along the commanded path in response to factory
floor coordinate system X-Y position data;

position means for determining by dead reckoning
the factory floor coordinate system X-Y position of
the mobile apparatus and to provide the factory
floor coordinate system X-Y p051t1011 data to the !
navigation means;

absolute means for determining the factory floor

coordinate system X-Y absolute position of the
mobile apparatus and to provide factory floor co-
ordinate system X-Y absolute position data;
correction means for periodically modifying the fac-
tory floor coordinate system X-Y position data
with the X-Y absolute position data to correct for
accumulated inaccuracies in the factory floor coor-

- dinate system X-Y position data; and

synchronization means for synchronizing the position

means with the absolute means.

2. The mobile vehicle controller according to claim 1
- wherein the navigation means comprises:
~  a plurality of wheels for providing mobility to the

mobile apparatus;
means for rotating the plurality of wheels at a con-

trollable speed of rotation;
means for controllmg the trajectory of the mobile
apparatus by varying the angle of the direction of
rotation that predetermined members of the plural-
ity of wheels make with the mobile apparatus; and
means for controlling the speed of rotation of the
plurality of wheels.

- 3. The mobile vehicle controller according to claim 2
~wherein the position means comprises:

means for determining the distance traversed from
the number of rotatlons of the plurality of wheels;
and
means for determining the direction traveled from the
angle of the direction of rotation of the plura.llty of
wheels.
4. The mobile vehicle controller according to claim 3
wherein the absolute means comprises:
means for comparing the position data with the abso-
lute position data and to modify the position data
by the results of the comparison.
5. The mobile vehicle controller according to claim 1
wherein the absolute means comprises:
visual navigation means for obtaining the location of
the mobile apparatus in definable coordinates; and
communication means for communicating the defin-
able coordinates to the mobile apparatus.
6. The mobile vehicle controller according to claim 5
wherein the synchronization means comprises:
time means for time stamping the definable coordi-
nates to identify the time at which the mobile appa-
ratus was at the definable coordinates;
time offset means for determining the time offset
between the time stamp and the time the correction
means modifies the position data and to addition-

ally modify the position data according to the posi-
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tion difference that results from movement of the
mobile apparatus during the time offset.
7. The mobile vehicle controller according to claim 5
where the visual navigation means comprises:

5  means for obtaining an image of the mobile apparatus;
means for converting the image to spatial position;
means for generating absolute position data from the

spatial position.
8. The mobile vehicle controller according to claim 7

10 wherein the means for obtaining an image of the mobile

apparatus comprises:

means for providing a predefined pattern of lighted
points associated with the mobile apparatus, the
lighted points being separated from one another by
predefined distances; and

imaging means for obtaining an image of the lighted
points.

9. The mobile vehicle controller according to claim 8

wherein the imaging means comprises: -

a raster scan camera means for converting light from
the lighted points to an electrical signal that repre-
sents light intensity in relationship to raster scan
position of the raster scan camera means, the raster
scan position being identified by frame, row and
column coordinates, the raster scan camera means
having a spatial plumbed point.

10. The mobile vehicle controller according to claim

9 further comprises:

means for transforming the elecirical signal from an
analog signal to a digital signal.

11. The mobile vehicle controller according to claim

10 wherein the transformation means comprises:

means for identifying clusters of pixels of light from
the electrical signal and providing coordinates of
the clusters of pixels of light thereby; and

means for transforming the clusters of pixels repre-
senting light intensity into centroids having identi-
fiable coordinates.

12. The mobile vehicle controller according to claim

40 11 wherein the transformation means comprises:

means for digitizing the electrical signal to obtain a
first digital signal;

means for dividing the first digital signal into a row
digital signal and a column digital signal that corre-
spond to the raster coordinates;

summation means for performing vector summations
of the row and column digital signals to obtain first
and second integrated signals respectively; and

comparator means for comparing the first and second
integrated signals to a predefined threshold to ob-
tain a first ordinate signal and second ordinate
signal thereby.

13. A method for controlling a mobile apparatus that
travels along a commanded path, the method compris-
55 ing:
navigating the mobile apparatus along the com-

manded path in response to factory floor coordi-

nate system X-Y position data;

determining by dead reckoning the factory floor co-

ordinate system X-Y position of the mobile appara-

tus and to provide the factory floor coordinate
system X-Y position data;

determining the factory floor coordinate system X-Y

absolute position of the mobile apparatus and pro-

viding factory floor coordinate system X-Y abso-
lute position data;

periodically modifying the factory floor coordinate

system X-Y position data with the factory floor
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coordinate system X-Y absolute position data to
correct for accumulated inaccuracies in the factory
floor coordinate system X-Y position data; and

synchronizing the position step with the. absolute
step.

14. The method according to claim 13 wherein the

navigation step comprises:

providing mobility to the mobile apparatus with a

plurality of wheels;

rotating the plurality of wheels at a controllable
speed of rotation;

controlling the trajectory of the mobile by varying
the angle of the direction of rotation that predeter-
mined members of the plurality of wheels make
with the mobile apparatus; and

controlling the speed of rotation o'f the plurality of

wheels.
15. The method according to claim 14 wherein the
step of determing the position comprises: -
determining the distance traversed from the number
of rotations of the plurality of wheels; and

determining the direction traveled from the angle of

the direction of rotation of the plurality of wheels.

16. The method according to claim 15 wherein the

step of determing the absolute position comprises:
comparing the position data with the absolute posi-
tion data and to modlfy the position data by the
results of the comparison.
17. The method according to claim 16 wherein the

.. step of determing the absolute position comprises:

obtaining the location of the mobile apparatus in
definable coordinates; and

communicating the definable coordinates to the mo-
bile apparatus.

18. The method accordmg to claim 17 wherein the

synchronizing step comprises:
time stamping the definable coordinates to identify
the time at which the mobile apparatus was at the
definable coordinates;

determining the time offset between the time stamp

and the time the correction step modifies the posi-
tion data and to additionally modify the position
data according to the position difference that re-
sults from movement of the mobile apparatus dur-
ing the time offset.

19. The method according to claim 18 wherein the
step of obtaining the location comprises:

obtaining an image of the mobile apparatus;

converting the image to spatial position; -

generating absolute position data from the spatlal
position.

20. The method aeeordlng to claim 19 wherein the
step of obtaining an lmage of the mobile apparatus com-
prises:

providing a predefined pattern of lighted pomts asso-

ciated with the mobile appratus, with the lighted

points being separated from one another by prede-

fined distances; and .
obtaining an image of the lighted points.

21. The method according to claim 20 the step of 60

obtaining an image of the lighted points comprises the
steps of:
identifying clusters of light that represent the lighted
points which includes the step of;

converting light with a raster scan camera from the 65
lighted points to an electrical signal that represents
light intensity in relationship to raster scan position

38

of the raster scan camera, the raster scan position
being identified by frame, row and column coordi-
nates, the raster scan camera having a spatial plumb
point.
5  22. The method according to clalm 21 wherein the
step of identifying clusters of light comprises the step of:
transforming the electrical signal from an analog
signal to a digital signal.
23. The method according to claim 22 wherein the

10 step of transforming comprises the steps of:

identifying clusters of pixels of light from the electri-
cal signal and providing coordinates of the clusters
of pixels of light thereby; and
- transforming the clusters of pixels representing light

15 - intensity into centroids having identifiable coordi-
nates.

24. The method according to claim 23 wherein the
step of transforming comprises:

digitizing the electrical signal to obtain a first digital

20 signal; |

dividing the first digital signal into a row digital sig-

nal and a column digital signal that corresponds to
the raster coordinates;

performing vector summations of the row and col-

25  umn digital signals to obtain first and second inte-
grated signals respectively; and

comparing the first and second integrated signals to a

predefined threshold to obtain a first ordinate sig-
nal and second ordinate signal thereby.

30 25. The method aecordmg to claim 24 wherein the

| 1dent1fy1ng step comprises:

- locating centroids with a window that represents the

clusters of light, the window being bounded by the
- first and second ordinates; and

35 comparing a pattern created by the centroids to the
predefined pattern of the lighted points.

26. The method system according to claim 25
wherein the step of comparing a pattern comprises:

obtaining chordal lengths between the centroids;

40 comparmg the ohordal lengths to the predeﬁned dis-

 tances; and |

determmmg from the comparisons of the ehordal

lengths to the predefined distances, whether the
centroids represent the lighted points on the mobile

45 apparatus.

27. The method according to claim 26 wherein the
predefined pattern is a triangle and the step of determin-
ing if the centroids represent the cluster of lighted
points comprises the steps of: -

50 identifying a chordal length havmg the same length
as the predefined distance that represents the
length of the hypotenuse of the triangle; ordering
the chordal lengths in a first direction from the
identified chordal length; |

55 determining if the order of chordal lengths are Or-

dered so as to have a length that has a predefined
relationship to the lengths of the adjoining chordal

~ lengths;

obtalmng the angle between the chordal lengths; and

comparing the angles between the chordal Iengths to
the angles of the triangle.

28. The method according to claim 27 further com-

prising the steps of:
summing the chordal lengths; and
comparing the summation of the chordal lengths to

the length of the perimeter of the triangle.
| L K * 3 x -
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